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THE BIOLOGICAL EFFECTS OF VIBRATION

SUMMARY

- This raport discusses the effects of vibration on man. It summari zes briefly: " (s) the measurement of 7
vibration, (b) the production of controlled vibratory stimulation for research purposes, (c) the injurious ef-
fects of vibration, (d) discomfort due to vibration, (e) effects of vibration on task performance, and (f) bene-
ficial uses of vibration. .

On the basis of present knowledge, it may be stated that:

1. The accurate measurement of vibration is feasible in most situations.

2. The controlled production of vibratory stimulation is practicable over a fairly wide range of coadi-
tions.

3. Most biological effects of interest (excluding motion sickness and acoustic phenomena) ocenr in the
frequency range, 2 to 20 cycles per second (cps), and at peak accelerations above 0.001 g.

4. 'T'he biological effects of vibration depend not only on frequency and amplitude of vibration, but alse
on the duration and mode of exposure.

5. It is not now possible to establish definite safety or comfort limits, or to specify effects on task
performance. Ranges of importance can, however, be indicated.

a. Peak accelerations above about 1 g may be dangerons under certain co-ditions.
b. Peak accelerations above about 0.03 g may be disturbing in one way or another.

6. More extensive research needs to he done to permit more useful generalizations. The following
areas of research are of particular importance:

a. [Exemination of cffects of non-sinusoidal vibration.
b. Measurement of effects of vibration upon task performance.
c. Accumulation of information on xibrations actually occurring in vehicles.

d. Correlation of studies on vibration with work on shock, impaci, and other kinds of mechanical
force.

7. There is an important need for establishing a means by which information can be more readily ex-
changed between engineers and operating personnel on the one hand, and these concerned with health and
safety on the other.

8. Research on the biological effects of vibration is expensive because of (a) the costs of equipment to
praduce and measuare vibration, and (b) the time required to conduct many experiments. Personnel with
appropriate scientific training are difficult to cbtain,




RECOMMENDATIONS

1. Continuing support at a relatively high priority should be given to those laborstories—military, indus-
trial, and univeraity— which have the facilities and trained personnel for research on the biological effects
of vibration.

" 2. The collaborative effol;ts of engineers, biophysicists, psy chologists, and physicians are needed to
establish more accurately the tolerance limits for injury due to vibration. Particular atteation should be
- given to the effests of random vibration (mechanital noise).™ =~~~ =~ T T

3. Encouragement should be given to studies of the effects of vibration on different kinds of task per-
formance as well as on discomfort and fatigue. This is an exceedingly difficult problem since results may
vary greatly with the individual, the kind of task performed, the environment in which measurements are
made, and numerous other factors. Nevertheless, attempts should be made to obtain data which will permit
rough generalizations.

4. More extensive measurements should be obtained on the vibratory motions which occur in vehicles
or in the use of equipment, especially where large forces and energies are involved.

5. The possible beneficial effects of vibration need to be more carefully examined.
6. Research onthe use of vibratory stimuli for communication should be continued.
7. An agency of some kind should be established to serve as a clearing house for the exchange of in-

formation on vibration, shock, etc., as it affects man and as it concerns the design, construction, and use
of vehicles and machines.




REPORT

Working group 39 was established by CHABA in November 1959 in response to requests for an evaluation
of the present state of knowledge of the effects of vibration on man. It has been evident for several years
that the mechenical forces spplied to people in or near vehicles and certain other machines were becoming
more and more a matter of concern. Outright injury from exposure to vibratory forces has been rare except
for localized injuries resulting from the handling of vibrating toole over a long period of time. Difficulties
due to mechanical interference with task performance have sometimes arisen in connection with the opera-

tion of vehicles. - Discomfort and fatigue from long exposure to vibration seem to be relatively common and,

while these are not by themselves dangerous, they can contribute to the lowering of the effectiveness of
vehicle operators and thus teke their place among the causes of accidents. The accelerating pace of de-
sign and construction of high performance machines makes it increasingly important that design criteria be
made available which will reduce the necessity for expensive modifications. This report undertakes to
outline very briefly what is now known about the effects of vibration on man and what can and should be
done to extend useful knowledge of the subject. A detailed discussion of several aspects of the problem
will be found in the Appendiix.

Vibration first became an industrial hygiene problem in the 19th century when pneumatic drills were
introduced. With the development of industry and of transportation, the problem has grown steadily. A
number of years ago, several studies were made to establish limits above which discomfort might be pro-
duced. The difficulty of carrying out observations of this kind and the lack of sophistication in many of
the experiments make the date rather crude. Nevertheless, little has been added, and the best estimates
now obtainable on thresholds for perception and for discomfort rest largely on this early work.

Concern with the problems of “tolerance” limits and injury has introduced another problem. The inten-
sity of vibration required to produce discomfort ia not great, but if one wishes to study injury, relatively
heavy and carefully designed machinery is required. Such apparatus is expensive and requires a substan-
tiel and well-trained maintenance staff. There have been few places where this kind of work can be done
properly.

Definitive studies on the cffects of vibration require the services of people trained in several di=ci-
plines: engineering, biophysics, psychology, and medicine. Much of the work on high intensity vibration
must be done with snimals, thus producing difficulties in the interpretation of the results. Up to the
present time, nearly all studies have been made using sinuscidal vibration. Current interest, however,
centers about random “mechanical noise” occurring in relatively high-speed travel in an irregular environ-
ment. Included in this area of intcrest are aircraft in high speed, low altitude flight, small vessels in
rough water, heavy vehicles on rough terrein, and projected conditions in space vehicles.

A definition of mechanical vibration is in order here. For the present purposes it is to be understood
as referring to alternating motion in a frequency range such that the system under observation behaves
more as if it were composed of discrete clements than us a sy stem in which wave motion predominates.
For a human body this is true for frequencies below about 20 cps. On the other hand, this report is not
concerned with motion sickness and, therefore, frequencies below about 2 cps are excluded from con-
sideration.

In order to assess the possibilitics of understanding the phenomena it is convenient to raise and dis-
cuss a few specific questions:

1, What is the present situation with respect to the measurement of vibratory forces to which vehicle
occupants may be exposed?

Engineering techniques in this field are rather well developed and the difficulties encountered in
obtaining useful data arise primarily from considerations of cost, time, and interest. Measurement of the

vibration of certain parts of the body may, however, be quite difficult.
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"2. What are the basic factors determining and mediating the deleterious effects of vibration on man?

The body is a complicated mechanical structure, and it is necessary to know something about its

: dynamic mechanical properties in order to understand the way in which mechanical responses occur. There

: are now available a number of measurements of mechanical impedance, resonance, and damping character-
istics of the body for several modes of excitation. The frequency range in which most significant mechan-
ical responses occur is approximately from 2 to 20 cps. Since the human body acts as a pure mass, below
about 2 cps, the problem is primarily one of vestibular reactions. At frequencies above 20 cps, the prob-

w—mm e | oy hecome more-and more the province of acoustics. Mechanical injury is related to relative displace-
ments of body organs, and the limitcd material which has been obtained on severe disturbances and injuries
has been interpreted in terms of the mechanical properties of the body. Biological responses, i.e., those in
which the body takes an active part, are less well worked out. Stimulation of sensory systems produces
reflex and higher nervous responses which may affect task performance significantly and contribute to dis-
comfort and fatigne. There may also be generalized “stress responses.”

3. To what extent is it now possible to establish criteria for comfort and safety?

Studies made up to the present time indicate that one can point to ranges of frequency and accelera-
tion in which certain types of responses may be expected to appear. In rough terms, and disregarding res-
onance effects, one can say that in the range from 2 to 20 cps vibration becomes detectable by the human
bedy at accelerations somewhat above 0.001 g and may become dangerous at accelerations above about
1 g. Certain intermediate response levels can also be indicated approximately. Very little is known about
specific behavioral responses in particular task situations and no general statements can now be made on
this subject.

4. What further work needs to be done to provide a better understanding of the effects of vibration on
man?

From what has already been said, it is clear that while the effects of sinuscidal vibration have been
studied to some extent, the problem of “mechanical noise” needs special attention. This is not only be-
cause of immediate practical problems but because the nonlinearity of biological systems makes extrapola-
tion from simisoidal forces to random forces unreliable.

Problems of task performance arc of particular importance. It is difficult, perhaps impossible, to
apply results obtained for one specific task to another specific task. However, the need for extensive
data is increasing, and emphasis must he placed on the care with which such studies are planned and
carried out. The fact that these studies are expensive and time-consuming makes a casual approach
wasteful.

Accumulation of information on vibratory motion actually occurring in vehicles is also needed. At
the present time, little seems to be available and more should be obtained. Again, the cost and time ele-
ments are important. Continuing effort should be placed on enlarging the scope of experimental material
already at hand in order to improve its generality and accuracy, It is too much to expect that precise nu-
merical values can be set as limits for comfort or safety, but as more extensive data are collected, de-
tailed knowledge of the variability of human subjects and of exposure conditions should permit better
assessment of reiative risks and, consequently, of relevant protective measures.

Attention should alsv be called to the close relationship of vibration to shock, impact, and other
types of mechanical force in that the mechanical properties of human beings underlie responses 1o all
kinds of mechanical force. Much of what is learned from studies on one type of force is of value in
interpreting material arising out of studies on another.



BENEFICIAL USES OF VIBRATION

A problem which has not yet been referred to in that of the possible value of vibration as a useful stim-
ulus. This includes the use of vibration to help counteract sensory isolation, to help maintain superficial |
circulation and muscle tone, and as a route for communication. Very little is known about these possibili-
ties, although the last mentioned has been the subject of some research activity and kas been discussed at
an earlior CHABA meeting. These matters need to be looked into in some detail because of their potential
importance.

LIAISON

Since so many problems relating to the effects of both shock and vibration in man arise from engineer-
ing and operational developments, it is important that close liaison be maintained between those concerned
with the design, construction, and use of machinery and vehicles on the one band, and those concemed with
health and safety on the other. No effective liaison mechaniam now exists. It is therefore strongly rec-
ommended that CHABA take the initiative in establishing such a mechanism either as part of its own opera-
tions or elsewhere. There is a real need for some kind of informal group to act as a clearing house for in-
formation obtained and needed by the Armed Forces, industry, and other organizations. The fact that most
work in this field requires expensive apperatus and a special staff points definitely to the value of mutual
consultation. Furthermore, those agencies concerned with the setting of criteria must be made aware of
what is available and what is being done. In a field which is growing and shifting as this one is, such
coordination is specially important.
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APPENDIX

Please note that the numbering of pages in the Appendix differs from that of the report since the Appen-
dix is actually a discrete report which hus been released for use by CHABA through the courtesy of the
Naval Medi cal Research Institute, and as such has its own system of pagination.
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INTRODUCTION

This review deals with three problems: 1) the determination of the structure and properties of the human
body considered as a mechanical as well as a biological system, 2) the effects of shock and vibration forces
on this system, and 3) the protection required by the system under various exposure conditions and the
means by which this protection is to be achieved. Man, as a mechunical system, is extremely complex and
his mechanical properties are quite labile. le is also a human being and in this capacity refuses to permit
destructive testing but will nevertheless expose himself carelessly to mechanical damage which may arise
from situations of his own making and will then demand a degree of protection against this damage which

" shall be almost impossibly effective, unhampering, and cheap. Because of such conflicting attitudes there

is very little reliable information on the magnitude of the forces required to produce mechanical damage to
people. It is therefore necessary to use experimental animals for most studies on mechanical injury, How-
ever, the data so obtained must be subjected to careful serutiny to determine the degree of their applicabil-
ity to humans, who differ from animals not only in size but in anatomical and physiological structure as well.
It is only occasionally possible to obtain useful information from situations involving accidental injuries to
man, since while the damage can often be assessed, the forces producing the damage cannot. It is also
very difficult to obtain reliuble data on the effects of mechanical forces on the performance of various tasks
and on subjective responses to these forces largely because of the wide variation in the human being in both
physical and behavioral respects. Measurement of some of the mechanical properties of man is, however,
often practicuble since only small forces are needed for such work. The difficulty here is in the variability
and lability of the system and in the inaccessibility of certain structures.

DEFINITIONS AND CHARACTERIZATION OFF FORCES

Characterization of Forces. - In relation to effects on human heings it i= convenient to classify mechan-
ical forces as steady, impulsive or alternating and 1o listinguish accelerative forces and ambient pressures
which act on the entire body from localized forces. The effects of steady forces are not discussed here nor
is it possible to consider in detail the tremendous number of ways in which the various kinds of mechanical
force can be applied to the human body. These forces may be transmitted to the body through gas, liquid,
or solid. They may he diffused or concentrated over a small arca. They may vary from tangential to novmal
in more than one direction. The shape of a solid body impinging on the surface of the human is as import-
ant as the position or shape of the human body itself. ANl of these factors must be taken into account in
comparing injuries produced by vehicle crashes, explosions, blows, vibration, etc. baboratory studies often
permit [iirly accurate control of foree application but field situations are apt Lo be extremely complex and
thus maxe it very difficult to transfer information between the laboratory and the field.

Shock. - The term “shock” basically refers to an event which is sufficiently rapid and of great enough
magnitude to be significant. However, the rotion has nuny extensions and the usage has developed dif-

ferently in enginecring than in biology and medicine; therefore one must be careful not to confuse the vari-
ous meanings given to the term. Hemorrhagic shock. for example, may result from mechanical shock but

the two are not the same. The term ““shock’ i5 used in this review in its engineering sense. A shock
wave is a discontinuous pressure change propagated through a medium at a velocity greater than that of sound
in the medium. A blast wave may or may not have a discontinuity. In any case, rates of change of applied
forces are considered fast or slow primarily with reference to those time constants of an alfected system
which are of interest. As a rule, forces reaching peak values in fess than a few tenths of a second and of
not more than a few seconds doration are shock forces in relation to the human system.

The terms impact and blow refer to forces applicd when the human body comes into sudden contact with
a solid body and when the momentum transfer is considerable as in rapid deceleration in a vehicle crash
or when a rapidly moving solid body strikes a human body.

Vibration. - Biological systems may be influenced by vibration of sufficient amplitudes at all frequencies.
This review is concerned primarily with the frequency range from about 1 c.p.s. to several hundred c.p.s.

although studies at higher frequencies are very uscful for the analysis of tissue characteristics.

153



Mechanical noise and random shocks form a group intermediate between shock and vibration. They may
often be treated either as a vibration spectrum or as repeated individual shocks. The relationship between
the repetition rates and the resonance characteristics of the system acted upon is important in determining
the approach.

METHODS AND INSTRUMENTATION

Most quantitative investigations of the effects of shock and vibration on humans have been conducted
in the laboratory in controlled, simulated environments. Meaningful results of such tests can be obtained
only if measurement-methods and instrumentation are adapted to the particular properties of the biological
system under investigation so that noninterference of the measurement as such with the system’s behavior
is assured. This behavior may be physical, physiological, and psychological although these parameters
should be studied separately if possible. The complexity of a living organist1 makes such separation, even
assuming independent parameters, only an approximation at best. In many cases if extreme care is not ex-
ercised in planning and conducting the experiment, uncontrolled interaction between these parameters can
lead to completely erroneous results. Ior example, the dynamic elasticity of tissue of a certain area of
the body may depend on the simultaneous vibration excitation of other parts of the body, or it may change
with the duration of the measurcment since the subject’s physiological response varies, or it may be influ-
enced by the subject’s psychoiogical reaction to the test or the measuring cquipment (startle, fright,
etc.). The design of un experiment must consider all these factors and sclect carefully the most promis-

ing approach.

Control of, and compensation for, the nopuniformity of living systems is absolutely essential. People
vary in size, shape, sensitivity, and responsiveness, and these factors for a single subject vary with time,
experience and motivation. The use of adequate statistical experimental design is necessary and almost
ulways requires a lurge number of observations and carefully arranged controls.

PHYSICAT, MEASUREMEN'TS

The mechanical force environment to which the human body is exposed during physical measurements
must be clearly defined. Foree and vibration amplitude should be specified for the area of contact with
the body. Vibration measurenents of the body’s respouse should be made whenever possible—which is
unfortunately not often—by non-contact methods, X-ray methods have been used successfully to measure
the displacement of internal organs. Optical, cinematographic, and stroboscopic observuiion can give the
displacement amplitudes of larger parts of the body. Small vibrations can sometimes be measured without
contact by capacitive probes located at small distance from the (grounded) body surfuce. The probe forms
a condenser with the body; capacity changes due to vibrations can be measured in a high-frequency carrier
system. [ vibration pickups in contact with the body are used, they must be small and light enough so as
not to introduce a distorting mechanical toad, This usnally places » weight limitatio: on the pickup of a
few grams or less, depending on the frequency range of interest and the effective mass to which the pickup
is uttached. Figure 1 illustrates the effect of weipght and size on the response of accelerometers attached
to the skin overlying soft tissue (1). The lack of rigidity of the human body as a supporting structure makes
measurements of acceleration nsually preferable Lo those of velocity or displacement. The mechanical im-
pedance of u sitting, standing, or supine subject is extremely valuable for caleulating the vibratory energy
trafsmitted to the body by the vibrating structure (2), The ratio and phase angle of driving force to result-
ing velocity can be measured for this purpose in many Jdifferent ways. Care must be taken to ensure that
the measurement of the total force transmitted to the body is not influenced by load distribution. The im-
pedance of small areas of the body surface has heen measured with vibrating pistons (3). resonating rods,
or acoustical impedance tubes (4).

If the whole body is exposed to a pressure or blast wave in air or water, exact definition of the pressure
environment is esscntial. Calculation of the pressure distribution over the body (amplitude and phase) and
the pressure increase at the body produced by an undistorted frec-ficld pressure is difficult; for blast waves
it is almost impessible. Therefore the pressure distortion should be measured if possible (5). Orientation
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of the subject with respect to the wave front must be known. Dynamic pressure or ““windage’’ must be con-
sidered. If the environment deviates from free-field conditions it should be carefully specified because of

its effect on peak pressure and pressure time history (6).
BIOLOGICAT. MEASUREMENTS

Physiological instrumentation for such characteristics us blood pressure, respiration rate or depth, heart po-
tential, brain potential, or galvanic skin response—which has been used as a quantitative indicator for the
over-all vibration load (7)=must be carefully checked for freedom from artifacts when the subject, the in-
strument, or both are expoused to vibration, intense sound, or acceleration. Conventional commercial in-
struments and clinical methods of using them are frequently unsatisfactory for such tests. A bio-electronic
harness (8) such as is used in aviation medicine is very useful for measurement of various physiological
functions and lends itself to simple arrangements in field tests, but proper functioning of instruments must

be verified Tor each environment.

If psychological experiments during exposure to the mechanical stimuli are planned, adherence to estab-
lished rules for such subjective tests is an absolute necessity for valid results. The waintaining of a neutral
situation with unifoerm motivation, subject instruction, and adequate statistical design of the experiment are
umong the most important considerations. Cuare wust be taken that the subject be not biased or influenced
by eavironmental factars not purposely inclwded in the test (e.g.. the noise of w vibration table can act as
a disturbing factor in a study of vibration effects). Subjective observations of physical phenomena (made
as subject or as “observer’”) can be disterted by many factors and should not be allowed to compete with

physical measurements.
SIMULATION OF MECHANICAT, KNVIHONMIONT

The desire to study the physical, physiologicul, and psychologicual responses of biological specimens
in the laboratory, under well-controlied conditions, has led to the use of standard and specialized shock
and vibration testing machines. A summary of some machines employed in such tests is given in figure
2. As in the case of the enviroumental testing of physical components and systems, an accurate sinula-
tion of man’s actual mechanical environment is frequently not feasible for technical or economic reasons
or may even be undesirable hecause of a need for more systematic investigation under somcwhat simplified
conditions. Thus most investigations are limited to the study of one degree of freedom ut u time and many
fundamental studies are performed with sinusoidal furces. Adequate safety precautions, safe and accurate
control of the exposure, and sufficient load capacity for subject, seat, and instrumentation are obvious re-
quirements for all shack and vibration machines used. Mechanical and electro-dynamic shake tables are
employed for this purpose. Since the taw of linear superposition is only valid in the linear phsyical domain,
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sinusoidal forces alone are not adequate for the study of non-linear physical responses or physiological
and psychological reactions to complex foree functions. Some of the machines listed are specially de-
signed for exposure of humans. The vertical accelerator, for cxample, employs a friction drive mechanism
to permit the simulation of large amplitude sinusoidal and random vibrations such as those encountered in
buffeting during low altitude high speed flight or anticipated during the launch and re-entry phases of space-
craft (11). The device can be proarammed within its performance limits with acceleration recordings obtained
under actual flight conditions. Upward and downwaed aceeleration tracks have also been built with slid-
ing seats projected by explosive charges to study luman tolerance to ejection from high-speed aircraft
(ejection seat). lorizontal tracks with rocket propelled sleds, which can be stopped by braking mechan-
isms with variable functions, have been used to study the effects of linear decelerations sinmilar to these
occurring in automobile or adreraft crashes (9). Interest has recertly developed in the study of combina-
tions of increased static acceeleration with trunsient accelerations and vibrations. This is done by mounting
vibrators on centrifuges. Blast tubes, sirens, and body respirators are used to study the body’s response
to pressure distributions surrounding it. At low frequencies the respirator hus been valuable in studying
the response of the lung-thorax system, Small vibrating pistons, which are available for a wide frequency
range, have been used in investigating the mechanical impedance of small surfaces, the trunsmission of
vibration and the physiological reaction to localized excitation. The range of some high acceleration de-
vices is shown in figure 3.
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~must be -considered -in-addition to-the-general and-partially known physiclogical differences between species.

SIMULATION OF HUMAN SUBJECTS

The establishment of human tolerance limits to mechanical forces and the explanation of injuries pro-
duced when these limits are exceeded frequently requires cxperimentation at various degrees of potential
hazard. To avoid unnecessary risks to humans, different types of animals are first used for detailed physio-
logical studies. As a result of these studies, levels may be determined which are, with reasonable prob-
ability, safe for human subjects. . However, the obvious limitations of such comparative experiments must
be kept in mind. The different structure, size, and weight of most animals shifts their response curves to
mechanical forces into other frequency ranges and to other levels than those observed on humans. This

For example the natural frequency of the thorax-abdomen system of a human subject is between3 and 4 c.p.s.;
for a mouse the same resonance occurs between 18 and 25 c.p.s. Maximum effect and maximum damage
therefore occur at different vibration frequencies and different shock-time patterns than in the human case.
However, the principal laws of response and effect are well worth studying on small animals if care is taken
in the interpretation of the data und if scaling laws are established. Dogs, pigs, and monkeys are used ex-
tensively in such tests.

Many kinematic processes, physical loadings, and gross destructive anatomical effects can be studied
on dummies which approximate « human being in size, form, mobility, total weight, and weight distribution
in body segments (23). Several such dummies are commercially available. In contrast to those used only
for load purposes, dununies simulating basic static and dynamic properties of the human body are called
“‘anthropometric’” or “*anthropomorphic’” dummies. They have been used extensively in aviation and auto-
motive crash research and in other stuwldies to precede work with human subjects and to study protective
scats and harnesses, Such dummies attempt to match the *resiliency’” of human flesh by some kind of
padding, but they are crude simulations at best and the dywamic mechanical properties are, if at all, only
reasonably matched in a very narrow low-frequency range. This and the passiveness of such dummies must
be kept in mind as important mechanical differences between them and living subjects.

Kfforts have been made to simulate the mechanical properties of the human head more closely in order
to study the physical phenomena occurring in the brain ducing erash conditions (23).  Although these forms
only approximate the human head, they are very uscful in the evaluation of the protective features of crash,
safety, and anti-buffet-helmets. Plastic head forms, conforming to standard head measurements, are de-
signed to fracture in the same encrgy range as that established for the human head. A cranial vault is
provided to house insteumentation amd a simulated briin mass with comparable weight and consistency (a
mixture of glycerine, ethylene glveol, ete). The static properties of the skin and scalp tissue have been
simulated with poly-vinyl foam.

The static and dynamic breaking strength of bones, ligaments, and muscles and the forces producing frac-
tures in rapid decelerations have frequently been studied on cadaver material (26,27,28). lxtreme caution
must be exercised in applving clastic and strength properties obtained in this way to a situation involving
the living organisin. The differences observed between wet, dry, and embalmed preparations are consider-
able (29) and changes in these properties will also result in changes in the [orce distribution on a composite
structure.

A multitude of physiological, anatomical, and physical factors muat be considered for each specific situa-
tion, in which the use of animals, dummies, or cadavers as substitutes for live human subjects is planned.
Only such carelul analysis paired with long experience will make either of these methods a worth-while
tool for prediction and extrapolation. s

PHYSICAL CHARACTERISTICS

ANATOMY

Structurally, the body consists of a hard, bony skeleton whose pieces are held together by tough, fibrous
ligaments and which is embedded in a highly organized mass of connective tissue and muscle. The soft vis-
ceral organs are contained within the rib cage aad the abdominal cavity.
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An outline of the skeleton is shown in figure 4. The slightly bowed vertebral column is the central
structural element. It consists of a number of individual vertebrae which have roughly cylindrical load-
bearing elements separated by fibro-cartilaginous pads. Near the lower end several vertebrae are fused
together to form the sacrum which is a tightly fitting part of the pelvic girdle. The skull rests at the top
of the column and is held in place by muscle and connective tissue as well as by ligaments. At the bottom
of ‘each side of the pelvic girdle is a roughly hemispherical hollow into which the head of the femur fits.-
Below the femur are the tibia and fibula which in turn rest on the ankle and foot bones.

Figure 4. - Diagram of human skeleton Mtrom
Caldman (34) 1.

The intervertebral discs are dense fibro-vartilaginous pads. The hip, knee, and ankle joints have
cartilaginous layers on their articular surfaces as do also the joints of the upper limbs. ‘The fool has a
tough connective tissue pud at the heet and an urrangement of bones which acts to distribute upplied loads.
All the joints are held together by ligaments which are flexible but relatively inextensible, These ligaments
form a more or less crisscross lacing which permits movement of the joints in a suitable direction without
stretching the ligaments themselves to an apprecinble extent. The sacroiliac joint is held tightly and al-
most immovably, The rib cage and shoulder girdle are ulso dependent ¢a muscle and canncctive tissue for
their support.

In the ideal standing position, a plumb line through the center of gravity of the body passes through the
lower lumbur and upper sacral vertebrae, slightly behind the hip joint sockets and a bit in front of the knee
and ankle joints. Upward, the line pusses in front of the thoracie curve of the vertebral column and through
the support at the base of the skull. Vertical thrusts may be taken up by the compression of the joint pads
and by bending of the vertebral columa. There is often a slight forward turning moment at the pelvis espe-
cially in older adults. Small deviations from postural symmetry may result in a markedly asymmetrical force
distribution under the action of vertical thrusts.

The body musculature, supported from the skeleton by tendons and held together by a network of coanec-
tive tissue fibers, forms a secondury supporting structure for the skeleton and joints. Fat and skin also
contain connective tissue.



In compression, soft tissues resemble water in their mechanical properties, but in shear they approxi-
mate stiff, nonlinear gels with internal losses.

The visceral organs (fig. 5) contained within the thoracic cage and abdominal cavity, are soft Lissue
elements, separately encapsulated tv slide freely over each other, and supported individually by membranes
and ligaments and collectively by the bone, muscle, and connective tissue surroundings. Their weights
range from a fraction of an ounce to several pounds and most of the supporting membrgnes are very flexible.
The kidneys are-embedded in-fatty tissue and kicld by a connective tiusue sheath in a depression in the

posterior wall of the abdominal cavity. The stomach is supported by the esophagus and its displacement

from the abdominal cavity. The lungs, filled with tiny air sacs, are held in place by a combination of sup-
ports including a pressure differential. The heart is held in place by ligaments stretched longitudinally
through the chest cavity and by large blood vessels. Considerable support is also provided by the diaphragm.
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Figure 5. - Di: 1;‘(]un of pasition of human viscera

| rom Goldman (34)

The brain and spinal cord have special protection. The former is surrounded by liquid contained mostly
in the spongy sub-arachnoid space inside the <hull. The spinal cord runs longitudinally through holes in
the vertebrae lined with heavy ligaments and a membrane which forms a liquid-filled tabe.

I'luid in the hndy consists of 1) 5 to 6 liters of blood in the heart, arteries, veins, and capillaries; 2)
100 to 150 cm.3 of cercbrospinal fluid surrounding the brain and s pinal cord and also with  the ventricular
cavities of the brain; 3) the interstitial fluid found everywhere in thc body as a bathing fluid for cells and
tissucs but nowhere in large reservoirs; and 4) liquid contained from time to time in the stomach, intestines
and bladder. Gas occurs in the sinuses of the skull, the oronasal cavity, the trachea, the lungs, and often
in the stomach and intestines The latter two organs often contain solid matter as well.
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Table 1. Mechanical Characteristics of the Human Body and Some of Their Applications

Dynamic Nechanical Quantity Investigated
Skull resonances and viscosity of brain tissue
Impedance of skull and mastoid

Ultrasound tranamission through skull snd brain
tissue

-Sound transmission throngh skull and tissue

Mechanical properties of outer, middle and
inner ear

. Resonances of mouth, nasal and pharyngeal™ =~

cavities
Resonance of lower jaw
Response of mouth-thorax system
Propagation of pulse cardiac pressaore
Heart sounds
Suspension of heart

Response c¢f the thorax-al.dominal mass system

Impedance of subject sittiug, standing or lyicg
on vibrating platform

Impedance of body surface, surface wave velocity,
sound velocity in tissue, absorption coefficient
of body surface

Ahsarption of ultrasound in tissue

10 x107
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Problem Area of Application
Head injuries; bone-couduction hearing
Matching and calibration of bone-conduction
transducers; ear protection
Brain tumor diagnosis; changes in central
_ nervous system exposed to focused ultrasound
Bone-conduction hearing
Theory of hearing; correction of hearing
deficiencies -

" “Theory of speech generation; cotrection of speech

deficiencies; oxygen mask design
Bone-conduction hearing
Blast wave injury; respiratoss
Circulatory physiology; hemodynamics
Physiology of heart; diagnosis
Ballistocardiography; injury from severe
vibrations and crash
Severe vibration and crash iujury; crash protection

Isolation and protection against vibration
and short time accelerations; ballistocardiography

Theory of energy transmission and attepuation in
tissue; determination of tissue elasticity, vis-
cosity and compressibility; determination of
acoustic and vibratory energy entering the body,
vibration isolation; design of vibration pickups;
transfer of vibratory energy to inner organs and
sensory receptors

Theory of energy transmission on cellular basis
determination of doses for ultrasonic therapy.

Figure 6. - Effect of loading
distortion of body surface on sur-
face impedance of soft tissue for

37 two experimental human subjects
19500 A and B [afier Franke (21)].
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The cells of which the body is made have a wide variety of size and shape. Diameters range from
about 0.0001 to 0.01 inch. Shﬂpéé may be éphericﬂl, Jdisclike, columnar, flat or highly irregular. Many
cells have filamentous processes projecting from them. The internal structure of cells is also very com-
plex. They contain salts, protein, carbohydrates, and many other substances. Approximately 60 to 80
percent of the cell is water. Nuclei and other inclusion bodies are found. The rest of the cell is a vis-
cous solution or gel with evidence of considerable submicroscopic structure.

Soft tissues consist of cells held together by connective tissue and by intercellular links. Blood is

a liquid containing nearly 50 percent by volume of disclike red cells together with a few white cells. Soft

tissues exhibit a wide variety of'structurit'a;.msrt'rii)'éd7(vo|nntar'y) muscle consists of parallel bundles of

long thin cells which can be either relaxed or contracted. Control of coutraction is provided by nerve fi-

bers which act on small groups of muscle fibers, and the elastic stiffness of the whole muscle can vary
widely. Smooth (involuntary) muscle occurs mostly in the walls of hollow organs such as the stomach, in-
testines, blood vessels, and other specialized organs. The heart consists of a specialized type of muscle

fiber.

Nerve tissue is partly cellular (grey matter) and partly fibrous (white matter). The latter contains con-
siderable fatty material in the fiber sheaths.,

Bone is also very complex. There is an outer layer of hard compact material underneath which is a layer
of looser, spongelike bone so arranged as to produce a maximum of strength for commonly encountered stresses.
The marrow of some bones contains blood-forming tissue.

The density of most soft tissue is between 1.0 and 1.2 with fatty tissue being somewhat lighter and bone
somewhat heavier. T.ung tissue is lighter still because of its air content.

PHYSICAT, CONSTANTS AND MECHANICAL TRANSMISSION CHARACTERISTICS

Use of the Physical Data. - This section summarizes bricfly what is known about the passive mechanical
responses of the humun body and tissues exposed to vibration and impact. The data can be used to caleu-
late quantitatively the transmission and dissipation of vibratory energy in human body tissue, Lo estimate
vibration amplitudes and pressures at different locations of the body snd to predict the effectiveness of
various protective measures. Frequently data can be applicd to many problens other than the one for which
the original study was undertaken. Table 1 summarizes some kinds of dynamic mechanical characteristics
which have been studied and indicites some of the areas of application. In cases where detailed quantits-
tive investigations are lacking the information may still serve as a guide for the explanation of observed
phenomena or for the prediction of results to he expected. Most physical characteristics of the human body
presented in this paragraph, except for the strength data, have been obtained by assuming the body to be
a linenr, passive mechanical system. This is an idealization which holds osly for very small amplitudes
and must be kept in mind if mechanical injury to tissue is considered. There is actually considerable non-
linearity of response well below amplitudes required for the production of damage. An example of this is
given in figure 6. Whereas bone behaves more or less like a normal solid, soft elastic tissues like muscle,
tendon, and connective tissue resemble elastomers with respect to Young’s modulus, 5-shaped stress-strain
relation and large stretchability. Their properties have been studied in connection withthe quasi-static
pressure-volume relations of hollow organs such as arteries, the heart, the urinary bladder, and so on (30),
but linear properties have always been assumed when dynamic responses were studied. Soft tissuc can then be
described phenomenologically as a visco-clastic medium and plastic deformation has to be considered only
if injury ocecurs. Approximate physical propertics representative of human body tissue are summarized in

table 2.

The combined use of soft tissue and bone in the struciure of the body together with the body’s geometric
dimensions results in a system which exhibits roughly three dilferent types of response to vibratory energy
depending on the [requency range: at very low frequencies, below approximately 100 c.p.s., the body can be
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Table 2. Physic&;l Properties of Humau Tissue

Tissue, Soft Bone, Compacs
Fresh Embalmed, Dry
Density, g/cm.3 1-1.2 1.93- 1.9 1.87
Young's Modulus, dyne/cm.2 7.5 x 10% 2.26 x 101 1.84 x 1011
Volume compressibility,* d§ue/cm.2 " 2.6 x 1010 - 1.3 x 10!l
Shear elasticity,* dyae/cm. 2.5x 10% - 7.1 x 1030
Shear viscosity,* dyne sec/cm.2 1.5x 10 i —— s
__Sound velocity, cm/sec.——— ——————— —F8:1.6%x 107 7 3.36 x 10° -
Acoustic impedance, dyne sec/cm.3 1.7 x 105 6 x10% 6 x10°
Tensile strength, dyne/cm. - 9.75x 108 1.05 x 107
Shearing streagth, dyne/cm.z, parallel - 4.9 x 108 -
perpendicular - 1.16 x 197 5.55 x 108

*Lameé elastic moduli

described for most purpases ns a lumped parameter system. Resonances are observed which can be attri-
buted to the interaction of tissue masses with purely elustic structares. [or higher frequencies, through
the audio-frequency range and up to about 100 ke.p.s., the wave propagation of vibratory energy becomes
more and more important but the type of wave propagation (shear waves, surfuce waves. or compressional
waves) is strongly influcnced by boundaries and geometrical configurations. Above 100 kc.p.s. and up

into the mc.p.s. range, compression waves predominate and are propagated in a beam-like manner. This
viewpaint permits not only a phenomenvlogical description of the body’s mechanical properties but, in an
increasing nunber of cases, forms the basis for attempts to explain the behavior of tissue in terms of micro-
scooic tissue- and cell-structure.

The Low Frequency Range. - Simple mechanical circuits such as one shown in figure 7 for a standing
man, are usually sufficient to deseribe and understand the fmportant features of the response of the human
boly to low frequency vibrations (34,36,37). Nevertheless it is difficult to assign numerical values to the
elements of the circuit, since they depend eritically on the kimd of excitation, the body type of the subject,

his position and muscle tone.
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Subject exposcd to vibrations in the longitudinal direction. - The mechanical impedance of a man stand-

ing or sitting on a vertically vibrating platform is shown in figure 8. Helow approximately 2 c.p.s. the body
acts as a unit mass. [or the sitting man the first resonance is found between 4 and 6 c.p.s.; for the stand-
ing man resonance peaks are observed at about 5 and 12 ¢.p.s. (7,32). The numerical value of the impedance

along with its phase allows calculation of the total energy transmitted to the subject.

The resonances at 4 to 6 c.p.s. and 10 to 14 c.p.s. are suggestive of mass-spring combinations of the
entire torso with the lower spine and pelvis on the one hand and the upper torso on the other hand with for-
ward flexion movements of the upper vertebral column. The assumption that flexion of the upper vertchral
column oceurs is supported by observations of the transient responsce of the body to vertical impact loads
and associated compression fractures. The greatest loads occur in the region of the eleventh thoracic to the
second lumbar vertebra which can therefore be assumed as the hinge arca for flexion of the upper torso. Since
the center of gravity of the upper torso is considerably forward of the spine, flexion movement will oceur even
with the force applied parallel to the axis of the spine (see also fig. 23). Changing the direction of the force
so that it includes an angle with the spine (for example by tilting the torso forward) influences this effect con-
siderably. Similaely the center of gravity of the head can be considerably in front of the neck joint which per-
mits forward-backward motion. This situation results in forward-backward rotation of the heud instead of pure
vestical motion. Fxamples of relative amplitudes for different parts of the body are shown in figure 9 for the

Figure @, - Transmission of vertical
vibratian from table to varioas parts of
t]le body of a standing human subject

after Dieckmaon (7)), data for trpns-
mission to belt after Radke (35 )
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standing and in figure 10 for the sitting subjeet (7). The curves show an amplification of motion in the in-
pedance resonance range and a decrease at higher frequencies. The impedances and the transmission fac-
tors are changed considerably by individual differences in the body and its posture as well as support by a
seat or back rest for a sitting subject or by the state of the knee or ankle joints of a standing subject. The
resonance frequencies remain relatively constant whereas the transmission ratio varies [for the condition

of fig. 10 transmission fuctors as high as 4 have been observed at 4 c.p.s. (35)]. Above approximately 10
c.p.s. vibration amplitudes of the body are smaller than the amplitudes of the exciting tasle and de-
crease continuously with increasing frequency. The attenuation of the vibrations transmitted from the table
to the head is illustrated in figure 11. At 100 c.p.s. this attenuation is around 40 db. The aitenuvution along’
the body at 50 c.p.s. is shown, although not for pure longitudinal excitation, in figure 12.
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Between 20 and 30 c.p.s. the head exhibits a resonance as can be seen clearly in figures 9 and 10. In
this range the head amplitude can exceed the shoulder amplitude by a factor of 3. This resonance is of
importance in conncction with the deterioration of visuul acuity under the influence of vibration. Another

frequency range of Jdisturbances between 60 and 90 c.p.s. suggests an eveball resonance (36).

The impedance of the human body lying on its back on a rigid surface and vibrating in the direction of
its longitudinal axis has been determined by ballistocarliograph studies (37). The total mass of the bady
forms a simple mass-spring system with the elasticity and resistance of the skin for tangential vibration.
For the average subject the resonant frequenry is betwevn 3 aud 3.5 vopone and ihe (0 of the sysiem is
abont 3. Restricting the subject’s mobility by clamping the bady at the feet and shonlders between plates

connected with the table chanpes the resonant frequeney to approximately 9 ¢.pos. and the ) to about 2.5.

One of the most important subsystems of the body, which is excited in the standing and sitling position
as well as in the lving position is the thorax-abdomen systen (37,38), The abdominal viscera have a high
mobility due to the very low stiffuess of the diapheagm and the air volume of the Tungs and the chest wall
behind it. Uader the influence of both Tongitudinal and iransverse vibration of the torso, the abdominal
mass vibrates in and out of the thoracic cage. These vibralions not only take place in the (longitudinal)
direction of excitaticn but during that phaae of the evele when the abdominal conlents swing towards
the hips the abdominal wall is stretched outward and the abdomen appears larger in volume; at the same
time the downward deflection of the dinplicagn causes a decrease of the chest ciccumference. At the other
end of the cycle the abdominal wall is pressed inward, the diaphragm upward and the chest wall is expanded.
This periodic displacement of the abdominal viscera has a sharp resonunce between 3 and 3.5 c.p.s. (fig.
13). It should be clear that the oscillations of the abdomina! mass are coupled with the air oscillations
of the mouth-chest system (19,33). Measurements of the impedance of the lutter system at the mouth by
applying oscillating air pressure to the mouth shows that the abdominal wall and the anterior chest wall
respond to this pressure. The impedunce has a minimum and the phase angle is zero between 7 and 8 c.p.s.
The abdominal wall shiows maximum response between 5 and 8 c.p.s., the anterior chest wall between 7
and 11 c.p.s. Vibration of the abdominal system resulting from exposure of a sitting or standing subject
is clearly detected as modulation of the flow velocity through the mouth (fig. 13). (At large amplitudes
speech can be modulated at the exposure frequency.) An electrical equivalent circuit for the abdomen-
chest-mouth system is shown in figure 14,
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Subject exposed to vibrations in the transverse direction. - The physical response to transverse vibration

~i.e., horizontal in the normal upright position—is quite different from that Jdescribed for vertical vibration:
instead of thrust forces acting primantly along the line of action of the force of gravity on the humas bedy,

they act at right angles to this line. The distribution of the bady masses along this line is therefore of the
utmost importance and greater differences must be expected between sitting and standing subjects than for
vertical vibration where the supporting structure of the skeleton and especially the spine have been designed

for vertical loading.

[mpedance mcasurements for transverse vibration are not available. The transmission of vibration ulong
the body is illustrated in figurc 15 (39). Ior a standing subject the hip, shoulder, and head amplitudes are
of the order of 20 to 30 percent of the table amplitude at about 1 c.p.s. and decrease with increasing fre-
quency. Helative maxima of shoulder and head umplitudes occur ut 2 and 3 c.p.s. respectively. The sit-
ting subject exhibits amplification of the hip (1.5 c.p.s.) and head (2 ¢.p.s.) amplitudes. All critical resonant
frequencies appear to be between 1 and 3 c.p.s, Investigation of experimental results of the type of figure
15 in conncction with phase mcasurements shows that the transverse vibration patterns of the body can be
described as standing waves, i.c., as a rough approximation one can compare the bady with a rod in which
transverse [lexural waves have been excited. One has, therefore, in agreement with the experimental re-
sults, nodal points on the body which become closer tothe feet as the [requency increases since the phase
shift between all body parts and the table increases continuously with increasing frequency. At the first
characteristic frequency at 1.5 c¢.p.s. the head of the standing subject is observed to have a 180° phase

=

shift compared with the table; between 2 and 3 c.p.s. this phase shift became 360° (39).
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Note that there are longitudinal head motions excited by the trunsverse vibration in addition to the trans-
verse head motions shown in figure 15 and discussed above. The head performs nodding motion due to the
aaatomny of the upper vertebrae and the location of the head’s center of gravity. Above 5 c.p.s. the head
motion for the sitting and standing subjects is predominantly vertical (of the order of 10 to 30 percent of
the horizontal table motion).

Vibrations transmitted to the hand. - In connection with studivs on the use of vibrating hand tools sev-
eral measurements have been made of vibration trausmission from hand to arm and body (20,40,41). The

impedance measured on a hand grip for a specific condition representative of hand tool usc is presented
in figure 160, The impedance has one maximum in the range below § c.p.s., probably determined by the
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natural frequencies for transverse excitation of the human body betweer 1-and 3 c.p.s. A second strong

maximum appears between 30 and 40 c.p.s.; the effective mass of the hand [approximately 2.2 Ibs. (1 kg.)]
is here in resonance with the elasticity of the soft parts on the inside of the hand. This elasticity between
force and hand has been estimated as 2.10°® cm/dyne. With a practical hand tool, which operates between
40 and 50 c.p.s., it has been found that the vibration amplitude decreases from the palm to the back of the

hand by 35 to 65 percent. Iurther losses occur between the hand and the elbow and the elbow and the

shoulder. Figure 16 which shows this decrease of vibration amplitude from the hand to the head, indicates

that the strongest attenuation occurs in the shoulder joint.

“ The Middle Frequency Ronge (Wave Propagation). - Above roughly 100 c.p.s. simple lumped parameter
models become more and more unsatisfactory for describing vibrations of tissue and it becomes necessary

to look at the tissue as a continuous medium for sound propagation.

Skull vibrations. - The vibration pattern of the skull agrees approximately withthe pattern of a spherical
elastic shell (42,43). The nodal lines observed suggest that the fundamental frequency lies between 300
and 400 c.p.s. with resonances forthe higher modes around 600 and 900 c.p.s. The frequency ratio hetween
the modes is approximately 1.7 while the theoretical ratio for a sphere is 1.5. From the observed resonances
the elasticity of skull bone can be calculated. The value obtained for Young’s modulus (1.4 x 1010 dynes/

cm.%) agrees fairly well with static test results on dry skull preparations, but is somewhat lower than the

static test data obtained on the femnr {table 2).

Impedances of small areas on the skull over the mastoid

arca (44) have been measured for practical probiems (table 1). The inpedance of the skin lining in the

auditory canal has been investigated and used in connection with studies on ear protectors (45).

Vibrations of the lower jaw with respect te the skull can be explained by a simple mass-spring system,

which has a resonance, relative to the skull, between 100 and 200 c.p.s. (46).

Impedance of soft human tissue. - Impedince measurements of small arcas (1 to 17 em.2) over soft human

body tissue have been made with vibrating pistons between 10 and 20 ke.p.s. This impedance starts out at
low frequencies as a large elastic reactance. With increasing frequency the reactance decreases, becomes
zero at a resonance frequency and becomes a mass reactance with still further increase in frequency (fig.
I7) (3,4,47). These data cannot be explained by simple lumped parameter models, but require o theory of
wave propagation in a visca-clastic medium sueh as the tissue constitutes for this frequency range (17,48).
The high viscosity of the mediom wakes possible the use of simphiied theoretical assumptions, such as a
howaogeneous isotropic infinite medium and a vibrating sphere instead of a circular piston. The results of

o Ce e C e B 7vrfnn——v—'r—'—v—vwrj

Figure 17, - Resistance and reactance of
circular area, 2 em. diameter, of soft tissue
body surface. Smooth curves calculated for
2 em. sphere vibrating in a) visco-elastic
medium with properties similar to soft tissue
(parameters as in table 2), b) frictionless
compressible fluid, ¢) incompressible vis-
cous fluid [from von Gierke et ul. (47))
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- of shear waves (47).

such a theory agree well with the measured characteristics. As a consequence it has been possible to
assign absolute values to the shear viscosity and the shear elasticity of soft tissue (table 2). The thesry
together with the measurements shows that over the audio-frequency range, most of the vibratory energy is
propagated through the tissue in the form of transverse shear waves and not in the form sf longitudinal com-
pression waves. Such shear waves have a much smaller propagation velocity (and therefore wave length)
than sound and a strong dispersion. The velocity is about 20 m/sec. at 200 c.p.s. and increases approxi-
mately with the square root of the frequency. This may be compared with the constant sound velocity of - -
about 1500 m/sec. for compressional waves. Some energy is propagated along the body surface in the form
of surface waves whlclx have been obscrvcd upucally 'Iheu' velocity is of the same order as the velocity

From the mechanical impedance of the body surface one can calculate the acoustic absorption coeffi-
cient. This indicates what percentage of an incident air-borne sound wave is absorbed at the body surface
and propagated through the tissue and what percentage is reflected (4). At 100 c.p.s. a small area of the
forehead or of soft tissue absorbs only about 2 percent of the incident sound energy. At higher frequencies
a still smaller percentage is absorbed. Only the specialized structure of the ear allows a small area of
the body surface, the tympunic membrane, to abhsorb much more energy, for example, at 1000 c.p.s.: 50 to
80 percent. This is achieved by the middle ear transformer action, which matches the tissue structures
of the inner ear to the characteristic impedance of air,

Ultrasonic Vibrations. - Above several hundred heop.s. in the ultrasound range, inost of the vibratory
energy is propagated through tissue in the form of compressional waves and geometrical acoustics offers
a good approximation for the deseription of their path. Since the tissue dimensions under consideration
are almost always large compared with the wavelength (aboat 1.5 mm. at 1 me.p.s.) the mechanical imped-
ance of the tissue is equal to the characteristic impedance, i.e., sound velocity times density. "This value
for soft tissue differs only slightly from the characteristic impedance of water (49). The most important
factor in this frequency range is the tissue viscosity, whicl brings about an inereasing energy absorption
with increasing frequency (18). At very high frequencies this viscosity also generates shear waves at the
boundaries of the medium, at the boundary of the aceaustic beams, amd in the arcas of wave transition to
medin with somewhat different constants, (c.gz., boundary muscle to fat tissue, or sofl tissue Lo bone). These
shear waves are attenuated so rapidly that they are of no importance for energy transport but are noticeable
as increased local absorption, i.el, heating,

From 300 keopos. te 10 mepos. the attenuation coellicient deseribing the decrease of the sound intensity
in a plane ultrasound wave, is only in Faie agrecmeat with the vialue one would calculate from the tissue vis-
eosity measured inthe awdio-frequency cange (table ). The tissue deviates in this frequency range from the
behavior of @ medium with constant viscosity. In {igure 18 aiicnuation coelficients measured in different
types of tissue are summurized (49,50). On this graph a slope ; - constant (where [ is the Irequency)
would be indicative of classical viseons absorption with constant shear viscesity. A smaller slope, or a
change in slope, tndicates a change in viscosily with feequency (relaxation pheromenon). The graph gives
only a few examples and typical functions from a large body of attenuation data available. The absorption
of most solt tissues is in the range from 0.5 to 2 db “eni me.p.s. The order of increasing ahsorption is:
brain tissue. liver tissue, striated muscle, smooth muscle, kidney, «kin and tendon. Bone has the highest
value with approximately 10 dbyem. The ultrasonic absorption coefficient depends very much on the struc-
tural features of the tissue and might well aid in obtaining a clearer quantitative picture of the mechanical
structure of cells. Interesting in this respect ure the acoustic anistropics, i.¢., cases wiere attenuation
depends on the direction of propagation: liber anistropy has been found in the collinear fibers of striated
muscle (fig, 18) and layer anistropy can occur in structures consisting of parallel layers of different tissue
types such as in the abdominal wall.
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MECHANTCAT, DVTY FROVM SITOCK FORCES

At the present time, very little in the way of nunerical data on mechanical characteristics is available
frone studies an shoek o fupact forees. Some evidence of resonances has been noted (S1) but much of
this is better obtatoed from vibeation studics, The application of mechanieal data which has been obtained
from studies on vibration to exposues to shoek amd impactwill be discussed in the section on mechanical

damige. Mechanical responses to shock and upact are, in general. extremely difficult to analyze numer-

tcally for basic bods characteriaties.

The motions and stresses resalting from the application of mechanical forees to the human body have
several possible effects: 1) the motion may interfere diveetly with physical aetivity; 2) there may be me-
chanical damage vr destructions and 3) there ooy bi <econdary effects which nperate through biological
receptors and transfer mechanisms and produce changes in the organise including subjective phenomena.

'l‘h(,‘“llill illld L'll(,‘illiL'ill {:ff(rt'ls dre uncommon,

Mechanical Interference. - I'he relutionships between applicd forces and the motion of the bady and its
parts have been discussed above, There are many ways indeed in which the forces can be applied and the
body itsell can take on many attitudes. Certain types of displacement, velocity or acceleration, if of suf-
ficient magnitude, can be very disturbing to sensory and neuromusculuar activities such as reading instru-
ments or making fine adjustments of controls or of the position of the body and its parts. In particular.
speech communication may be rendercd difficult. Very little is known about how much of whai kind of
motion interferes with particular activitics. ['urther, such information, when available, has meaning only
iu terms of tolerances permitted for the activities in question. For exumple, the disturbance of visual acuity
arising from body vibration is not only frequency dependent (36) (fig. 19) but may be expected to be roughly
propertional to the amplitude of the vibration and may be dealt with by changing the frequency, re-
ducing the amplitude or by decreasing the acuity required for the given task. Mecharical motion resulting
from occasional shocks will wot be expected to interfere directly with most tasks unless timed critically with
respect to some operation or unless repeated at very short intervals. Such interference with task performance
as does arise [rom shocks is more apt to be the result of biological responses or of actual damage.,
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Mechanical Damage. - Of the many kinds and degrees of mechanical danage to the human body arising
from the application of mechanical forces, certain kinds have been singled out for attention and study be-
sause they are particularly common, dangerous or disturbing in some special way. Among these, short of
actual destruction, are bone fracture, lung damage, injury to the inner wall of the intestine, brain injury,
cardiac llunmg(', car |lnnmgv. tearing cr croshing of soft tissues, and certain special lypes of chronic in-

.

jury such s tendon or joint strains and the “white finger”” syndrome of vibrating tool operators. These

will be considered in detail later on,

Biologiral Responses. - Mechanical stresses and motions may stinulate various receptor organs in the
skin and clsewhere or may excite parts of the nervous system directly. The result may be reflex activity
or modification of it The stimuli initiate neevous system and hormonal activity which bas @ marked modi-
fying action on many metabolic processes relating to food assimilation, muscular activity, reproductive
activity, ete. (52). These changes are difficult to measure wnd correlate and seem to differ in different
species, at least in degree. Nevertheless, considerable indicect evidence exists for the reality of these

response patterns and it is generally agreed that the broad picture arrived at from animal experimentation

applies to man. Fxposure to mechanical forces, when of great enough extent and duration, must certaialy
assume part of the responsibility for phenomena such as fatigue, changes in work capacity, ability to main-
tain attentiveness, cte. In response to acute stimulation, excitation of brain centers may produce emotion-
al reactions such as fear or unpleasantness and fead to astomatic or deliberate compensatory or protective
behavior.

EFFECTS OF MECHANICAL VIBRATION

Mechanical Damage is produced when the aceelerative forces are high enough. However, il is obvious
that experimental data cap only be obtained fom work on animals and thatthe results must be handled very
carefully in extending them to humans. Mice (53), rats (54), and cats (55,56) have been killed by exposure to
vibration. There is a definite frequency dependence of the fethal accelerations which coincides with the
resonant displacement of the visceral organs, but which has been only partly established. Mice are killed



at 10 to 20g within a few minutes in the range 15 to 25 c.p.s.; above and below this frequency range, the
survival time is longer. Rats and cats are likewise killed within 5 to 30 minutes at accelerations above
ahout 10g but the frequency dependence kas not been worked out. Post-mortem examination of these ani-
mals usually shows lung damage, often heart damage, and occasionally brain injury. The injuries to heart
and lungs probably result from the beating of these organs against each other and against the rib cage. The
brain injury, which is a superficial hemorrhage, is not yet interpretable in definite terms; it may be due to
relative motion of the brain within the skull, to mechanical action involving the blood vessels or sinuses
directly or to secondary mechanical effects. Tearing of intra-abdominal membranes is rarely seen. Expo-
sure for several minutes to peak acceleration of about 5g often produces heart damage as indicated by
delayed changes in the electrocardiogram (56). An increase in body temperature is found on exposure to
vibration. Since this occurs also in dead animals it is probably mechanical in origin. Calculations of
heat absorption based on body impedance data suggest that appreciable heat can be generated at large
amplitudes. kxposure of monkeys to 5g at 10 and 20 c.p.s. for several hours seems to produce some dam-
age to the vestibular system but these findings require confirmation (57). Observations on man (58) have
been made in a few instances and indicate that above about 3g, sharp pain in the chest may occur. Traces
of blood have occasionally been found in the feces after exposure to fg at 20 to 25 c.p.s. for about 15 min-
utes. 'This suggests mechanical damage to the intestine or rectum,

It is clear that several of the phenomena found in animals must also be possible in humans. Mechanical
damage to heart and lungs, injury to the brain, tearing of membranes in the abdominal and chest cavities,
as well as the above mentioned intestinal injury—all these seem possible. So also does the heating of the
body when shaken. Unfortunately acceleration-frequency curves for these effects have not been established.
Because of the relatively greater visceral masses of the human, the minima of such curves, which would
correspond to resonance ranges, must occur at relatively lower frequencies than in small animals. As to
whetker the amplitudes required may be larger or smaller than in anbaals, it is not yet possible to say. Sub-
jective symptoms suzch as the accurrence of chest pain after exposure to 3g (table 3) may or may not be sig-
nificant although fram the point of view of safety they must be taken seriously until more is known about
the details of the processes involved.

Table 3. Criteria of Toleranee for Short Fxposure to Vertical Vibration
From Ziegenruecker and Magid (74), sce figore 21

Fuch Crons lodicates a Decided Comment from a Hluman Subject as to His Experiencing the
Symptom Listed.

Symptom A B [ N I I G
Copes.
XX XXX XXX
1 XXX
XXX XX XXXX
2 XXX
X% XX XXX %X X XXXXX
3
XX xx xx XXX xx XXXXX
4
XXXX X XXXXX
5 X
XXX XXXX x XXX
6
%X XXXXX X x x
7 -
x X XXX X XX XXX
8
XX XX XX X XXXXX
q
x X XXX xx X
10
XXXXX
15 XXX

A: Abdominal Pain D: tead Symptoms G: General Discomfort
B: Chest Pain I2: Dyspnea

(: Testicular Pain ¥ Apxiety
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Chronic injuries may be produced by vibration eéxposure of long duration at levels which produce no ap-
parent acute effects. In practice such effects are usually found after exposure to repeated blows or to ran-
dom jolts rather than to sinusoidal motion. When such shocks or blows are applied to the human body at
relatively short intervals, the relation of the interval to tissue response times becomes very important. Ex-
posute to such forces frequently occurs in connection with the riding of vehicles. Buffeting in aircraft or
in high speed small craft on the water, and shaking in heavy vehicles on rough surfaces, give rise to irregu-
lar jolting motion. Acute injuries from exposure to these situations are rare but complaints of discomfort
and chronic minor injury ure common. Truck and tractor drivers often have sacro-iliac strain. Minor kidney

e oo — ——injuries-are- occasionally-suspected and; rarely; traces of blood may appear in the urine. The length of ex- "~
posure and the details of the ways in which the body is supported play an important role.

Chronic injuries are also produced by localized vibration. A classical example of this is the pain and
numbing of the fingers on exposure to cold which affects many people after several months of using such
equipment as pneumatic hammers and drills or hand-t-eld grinders or polishers. The heavier, slow moving
devices appear to produce mare severe jolting. ‘There is an extensive clinical literature on this subject
(59) bat little known of the mechanism of the injury or of the actual forces responsible although many high
frequency components muy be present (41). The repeated insults to the tissues seem gradually to affect
the capillaries and their nerve supply. Injuries resembling this have been produced in the feet of rats ex-
posed to 60 c.p.s. at 8 to 9g for 10 to 12 hours per day up to about 1000 hours (60).

Physiological Responses bave been studied very little. Rats exposed for 10 to 40 minules a day for
several months to about 15g at 12.5 ¢.p.s. wppear to show minor behavior abnormalities (61). The adrenal
glands of rats show a rapid [all in ascorbic acid content on exposure to accelerative levels of a few tenths
of 4 g it at 5 to 10 c.p.s. (62), and changes in the reproductive cycle and growth have been observed in
rabbils exposed to vibration for several days (64). Changes in respiration, heart activity and peripheral
circulation have been observed in both men wnd animals as immediate and possibly transient responses to
moderate vibration. These results indicate the need for further study, Certain postural reflexes appear to
be inhibited by vibratory motian (61,63).

Subjective Responses to vibration include perception, feelings of discomfort, apprehension and pain,
Since acceleration, frequeney, mode of applic wion, duration and the situation of the subject wee all involved,
it is excecdingly difticult to find simple delintive wavs of characterizing results, Farly workers in this
fiecld (06-T1) concerned themsselves with vihole-body exposure under conditions which were believed to be
of practical interest, The vesults which they obtained were rough and ready and there appears to have been
litthe control of subjective fectors, Generally there are theee apparemt]y siaple eriteriaz the threskolds of
though agreement to within a factor of about 3 has heen obtained. A compilition of these results based on
exposures of about 5o 20 minutes is piven in figure 20 (72). For longer exposures, data are limited. Some
information has been abtained on comfort and toleranes fovels for aireraft pilots (73). Very long exposure

to vibration much above the Tevel of perception seems ta be irritating and fatiguing.

Far short exposures, Tess than 5 minutes, a study has been carried out in the frequency range 110 15
c.p.s. (T8, Subjects were exposed o a speeificd acceleration until they could no longer tolerate it. They
were then asked for their reactions and what their specific reason was for asking to be released. Table 3
shows a distribution of the major reasons for cach of the frequencies wsed. Fvidently no single criterion
of tolerance was found although sawe reactions were more common than others, The estimated limits of
tolerance for short exvosures according to these criterin are given in figure 21.

An interpretation of feelings of discomfort and apprebension arising from exposure to vibration can be
bused on the idea that vibration of certain organs produces nervous system excitation dircetly responsible
for these fealings. 1f one then were to apply to the body a vibratory excitation of a specified frequency and
amplitude, one could knowing the mechanical characteristics of the bady and its parts, estimate the response
of the orguns of interest and thus establish 4 basis for rational olerance limits., Where large visceral masses
are involved, there is already some information available from which such ealeulations can be nude. However,
the detuiled application of this principle requires more data than are now at hand.
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EFFECTS O MECHANICAL SHOCK

Mechanical shock includes several types of force application which have similar, though not identical,
effects. Lxplosions, explosive compression or decompression, impacts and blows from rapid changes in
body velocity or from moving objects produce shock forces of importance. Major damuge, short of complete
tissue destruction, is usually to lungs, intestines, heart or brain. Dilferences in injury patterns arise from
differences in rates of loading, peak force, duration, localization of forces, cte.

Blast and Shoch ¥Waves (5,17,75,110). The mechanical effects associated with rapid changes in environ-
mental pressure are primarily localized to the vicinity of air-filled cavities in the body, i.e., the lungs and
the air-containing gastro-intestinal tract. leavy masses of blood or tissuc border here on light masses of
air and the local impedance mismatch can lead to destructive relative tissue displacement by several dif-
ferent mechanisms. Starting with very slow differential pressure changes, of approximately l-second dura-
tion or longer, dynamic mechanical effects are unimportant; the static pressure is responsible for destructive
mechanical stress or physioiogical response. Such pressure time functions occur with the explosive decom-
pression of pressurized aircraft cabins at high altitude and with the slow response of well sealed
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‘shelters to binst waves. If the pressure rise or fall times are shortened (roughly to the order of tenths of
seconds), the dynamic response of the different resonating systems of the body becomes important, in par-
ticular the thorax-abdonien system of figure 14, but now with the force applied as in figure 22. The dynamic

L R

O

Figure 22. - Flectrical analogue cirenit of abdomen-chest-mouth system of figure 14,
but with excitation (£) by environmental pressure changes. (Lettering as in fig. 14.)

load factor of the specific blast disturbance under consideration determines the response. The meager data
on the effect of known blast leads on man and animals do not permit evaluation and recogaition of the dif-
ferent responsive systems and the biologically most effective pressure time curve, i.e., the one with the
minimum peak pressare. Available duta for single pulse, instantaicously rising pressures point towards
the existence of such a minimum which corresponds to natural frequencies for dogs of between 10 and 25
c.p.s. (17); for humans this frequency wonhi be fower. 1Mor pressures with total durations of milliseconds
or less and much shocter rise times (duration of wave short compared with the natural period of the respond-
ing tissue) the eflfeet and destruction seems o depend primarily on the monentum of the shock wave. The
mass moof an oscillatory system located o wall or body surface steack by o shock wave will be set into
wotion acconding to the eelation: [P v, with P00 reflected pressure at body surfuce, t - time and

v itial velocity, Fxperimental futality curves on animals (3) generally show this dependence on mo-

O
mentum for short pressure phenowena (close to center of detonation) and the transition to a dependence

on peak pressure for |yhonnnu-u.| of long duration (Lur away from center). Patal blast waves in air and water,
for example, differ widely in peak pressuce and duration Gin aiv 10 atm, in excess of atmospheric pressure
with a duration of 2.8 willisec., in water 135 atm. in excess with a durniion of 8,17 millisee.) but their mo-
menta are similar, In this most important cange of short duration blasts the mechanical effects are local-
ized due Lo the short duration, i.e., the high frequeney content of the wave. The upper respiratory tract

and bronchial tres as well as the thorax and abdomen system are too farge and have too low resonating
frequencies to be excited; there is no general compression or overexpansion of the thorax, which leads

to pulmonary injury as in explosive decompression. The blast waves pgo directly through the thoracic wall
producing an impact or grazing blow. Inside the tissue blast injury has three possible causes: 1) spalling
effecls, i.c., injuries caused by the tensile stresses arising from the reflection of the shock wave al the
boundary between media with different propagation velocity (Hor example subpleural pulmonary hemorrhages
along the ribs); 2) inertia effects which lead to different acceelerations of adjacent tissues with various
densities, when the shock wave passes simultancously through these media; 3) implosion of gas bubbles
enclosed in a liquid. These plienomena are similar to the observations made with high velocity missiles
passing through water near air-containing tissues (76,77). The shock waves may produce not only pulmo-
nary injuries but also hard, sharply circumseribed blows to the heart,

Of the injuries produced by exposure 1o high-explosive blast lung hemorrhage is one of the most common.
It may not of itselfl be fatal, sinee enough functional lung Lissue may easily remain to permit marginal gas
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exchange. llowever, the rupture of the capillaries in the lung produces bleeding into the alveoli and tissue
spaces which can seriously hamper respiratory activity or produce various respiratory and cardiac reflexes.
The heart rate is often very slow after a blast injury. Leakage of fluid through moderately injured but not
ruptured capillaries may occur. There is also the possibility that air may enter the circulation to form
bubbles or emboli and by reaching critical regions may impair fatally the heart or brain circulation, or pro-
duce secondary damage to other organs (5). Fat emboli may also be formed and these, too, are capable of
blocking vessels supplying vital parts. When gas pockets arc présent in the intestines, the shock may
produce hemorrhage and in extreme cases tuplure ihe intestinal wall itself.

- ~'The-effects of underwater shock waves on man and animals are in general of the same kind as those pro-

duced by air blast. Differences which appear are those of wagaitude and often depend on the mode of ex-
posure of the body. A person in the water may, for example, be submerged from the waist down only, in
which case damage is practically confined to the lower half of the body and intestinal, rather than lung
damage, would occur (78).

Concussion damage to the heart itself is stated to be very rare but direct mechanical injury to the heart
muscle and conducting mechanism is certainly possible. Cerebral concussion resulting directly from expo-
sure to shock waves is vnusaal, Neurological symptoms following exposure to blast may however include
general depression of nervous activily sometimes to the point of abolition of certuin reflexes. Psychologi-
cal changes such as memory disturhiances and abnormai emotional states are sometimes found. In extreme
cases, there may be paralysis or muscualar dvsfonction. Unconsciousness and subsequent annesia for
events immediately preceding the injury result more commondy from blows to the head than from air blast.
Recovery from minor concussion may apparently be complete, but repeated concussion iay produce last-
ing Jdamage (79).

The ear is the part of the human body most sensitive to blast injury,  Rupture of the tympanic memberane
(17.80). and injury to the conduction apparatus can occur singly or together with injury to the hair cells in
the inner ear (81). The two first mentioned injurics may protect the inner ear through energy Jdissipation,
The depgree of injury deprmds on the frequency content of the blast pressure function. The fact that the
car's greatest wechanical sensitivity is between 1500 and 2000 ¢.pos. explains its valnerability to short
duration blast waves. Peak pressures of only o few pounds per square inch can rupture the car drum and
Sl smaller pressures can damape the conducting mechaniso and the inner ears There seemns to be wide

vartations o individual sasceptibility to these injuaries,

Impacts, Blows Rapid Deceleration. - This tvpe of foree is experienced in fals, in antomaobile or air-
craflt crashes in parachute openings, in seat cjections for escape fron high speed military aireraft and ia
many other situations suck aw certain sports. interest i the body™s responses to these forces centers oin
mechanical stress Timits, The injuries which ocewr mast often are broises, tissue crushing, bone fructure,

rupture of ~oft tissues and organs, and concission. \ beaise is a superfivial area of slight ¢

e damaye
with rupture of the swall blood vessels and acesnubaion of blood and fheid in and around the injured region.
ftis essentially w conshing injuey produced by compression of the tissues, usaally between the impinging
solid and the anderdving bone. Tt s extremely common and is readily repaired by the body itself. When

the tissue is completely destroved by erushing, the danage is usundly irreparable. Bone fractures, like
bruises, requice that the forces be sustained for Jong enough to produce appreciable displacements and
properly concentrated stresses.

When soft tissues are displaced considerable distances by appropriate forces, so-called internal injucies,
i rupture of membranes or organ capsulos may take place. Such injurie< are, in practice, more often pro-
duced by forces of relatively Tong duvration and are usually dangerous.

Fxperiments have been carvied out in which animals were embedded in plaster casts and then dropped
about 20 1. anto o metal plate which had various degrees of cushioning, In this case the decelerative im-
I & g
pact was well distributed. The degree of injury increasd with the aceeleration. Tang hemorrhage and
laceration of liver und spleen capsules were most common. Damage to the diaphragn, the brain, and the
bone structure was seen when the develeration execeded aboul 500g (velocity change 35 fL7seel) (82).
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The obvious correlation between the response of the body system to continuous vibration and to spike
and step-force functions has not until recently been used to guide and interpret experiments. The tissue
areas stressed to maximum relative displacement at the various frequencies during steady state excitation
are naturally preferred targe: areas for injury under impact load if the force-time functions of the impacts
have appreciable energy in these frequency bands, i.e., if the jmpact duration is of the same order of mag-
nitude as the body’s natural periods. If the impact exposure times are shorter, stress tolerance limits in-
crease; if exposure times decrease to hundredths or thousandths of a second, the respcnse will become more -
and more limited and localized to the point of application of the force (blow). Elastic compression or injury
will depend on the load distribution over the application area, i.e., the pressure to which tissues are sub-

’ j’é'éfe’d.' If tissue destriction or bone fracture occur close to the area of application of the Torce these will” 7~

absorb additional energy, protect deeper seated tissues by reducing the peak force and spreading it over a
longei period of time. An example is the fracture of foot and ankle of men standing on the deck of warships
when an explosion occurs beneath. The support may be thrown upward with great momentum and if the ve-
locity reaches 5 to 10 cni/sec. facceleration of several hundred g) fractures occur (83). However, the energy
absorption by the fracture protects structures higher up.

If the force functions contain extremely high frequencies the compression effects spread from the area
of force application throughout the body as compression waves. If these are of sufficient amplitude they
may cause considerable tissue disruption. Such compression waves are observed from the impact of high

velocity missiles.

If the exposure to the accelerating forces lasts loug enough for the whole body to be displaced, exact
measurement of the force applied to the hody and of the ditection and contact areas of application become
of extreme importance. In studies of seat ejection, for example, knowledge of seat acceleration alone is
not sufficient for estimating responses. One should know the forces in those sieuctures or restraining har-
nesses through which the acceleration forces are transmitted. “[he location of the center of gravity of the
varions body parts like arms, bead and upper torso must be known aver the time of force application so
that the resuiting bady motion and deformation cun be explained and influenced for protection purposes. In
addition to the primary displicements of body parts and organs there are secondary forces from decelerations
if, duc to the large amplitudes, the motions of parts of the body are stopped suddenly by hitting other body
parts. Pxamples occur in lincar deceleration where, depending on the restraint, the head may be theown for-
ward until it hits the chest or, il only a lap belt iscused, the upper torso may jackknile and the chest may
hit the knees Under Tield eonditions there is alwavs the additisnal possibitity that the body may strike
nearby objects thus initiating a new impact deceleration history,

Longitudinal acceeleration. - The study of pesitive longitudieal headward) deceleration of short duration
g ) | A

is closely connected with the deselopment of gpward ejection seats for eseape from aireralt. Since the nee-
essary cjection velocity of approximately 60 1t see, (0 millisec) aml available distance for the catapult
guide rails of about 3 ft. {1 millisec.) are detenmined by the aivera N without wueh teeway, the minimum ac-
celeration requived (sten function) would be approsimately 9g. Stuee the high jolt of the instantancous ac-
celeration increase is undesirable beeause of the high dvnamic load factor of this function for the frequency
range of the body resonances (compare with fig. 10}, slower build-up of the acceleration with higher final
acceleration has appeared preferable. Minimun: dynamic overshooting is achieved with build-up times of
about 0.1 sec. andd total force times of approximately 0.2 sec. The predominant oscillation periods ohserved
during snch ejectisn are between 7 amd 14 ¢.ps. Recent investigations show that the body’s ballistic re-
sponse can be predicted with good aceuracy by means of analogue computations making use of the body’s
continuous frequency response characteristic (84). Another approach has substituted, as a model for the
seated body, a homogencous clastic rod, onc end of which is free. Assuming a wave travel time from the
accelerated end to the free end of 0,025 sec. (resonant frequency of 10 ¢.p.s.) good agreement between ex-
perimental transient head acceleration and theoretical vnd accelerations of the rod hus been obtained (85).
Since the vertebrae between the eighth thoracic and fifth lumbar fracture at approximately the same static
load, in the neighborhood of 254, the tolerance limit of 20g presently generally assumed allows for minimum
overshooting. Forceful flexion of the spine and neck must be controlled by either positioning or protective
hamesses (fig. 23).
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AREA OF COMPF?ESSIO&"’
INJURIES

LINE OF THRUST

Fianee 24 - Aligmnent of scated subject for positive,
vertical aodeleration or vibration. Ceater of gravity of
head snd of body above 12th thoracic vertebra are indicated.

In wdditing 1o farees which mayv bend the upper torso there is a furnmg moment which acts on the pelvis
awrd inereases the Toad on the spine since the contaet point with the seat is not in line with the spine (86).
If the toleranee limits are eveceded spinal fractures of the hanbar and thoracie vertebrae veeur first: neck

injuries apparently requite considerably higher fevels

FFor vertical erash loads o general the <ame considerations apply as discussed for seat ejections. al-
though no control over the buildenp time of thie acceleration is possible and more sudden onsets must be
t'\'p('('lm].

Ior negative (tailward) acceeleration (downward ejection) no fiem point for application of the aceelerat-
ing force is accessible as for positive aceeleention. 16 the Toree is applicd as usual through harness and

belt at sheulder and groin (87), the mobilitn of the shoulder pirdle together with the elasticity of the belts

cresufts in a lower resonant lrequency than the one observed in up\mr(l cjection. To avoid avershooting

with standard harnesses the aeceleration rise time must be at least 0,15 sec. U is obvious that this type
al impact is able to excite the tioravabdomen system (fig. 14 the diaphragm is pushed uvpwards by the
abdoninal viscera and as i result dir rushes out of the Tungs G the glottis is open) or high pressures de-

velop in the air pussages (88). Tolerance Himits for neative aceelecation are probably set by the compres-

sion load v the thoracic vertebrae, which are exposed to the load of the portion of the body below the chest.

This load on the vertebrae is more than for the positive aceeleration case due to the greater weight; there-
fore ainlerance limit has been setat 13g. Shoulder accelerations of 13y have been tolerated by human

subjects without injury, when the foad was divided between hips and shoulders.

Transverse accelerations. - The forward-fucing and backward-lncing seated positions are most frequently

exposed to high transverse components of crash Toads. Hluman toleranee to these forces has been studied
extensively by volunteer tests on linecar decelerators (9), in automobile crushes (15) and by the analysis

of the records of aceidental fails (89). The resnlts indicate the importance of distributing the decelerative
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forces or impact over as wide an area as possible. The tolerable levels of well over 50g (100g and over
for falling flat on the back with minor injuries, 35 to 40g for 0.05 sec, voluntary tolerance seated with
restraining harness) are probably limited by injury to the brain. As indication that the latter might be
sensitive to and based on specific dynamic responses is the fact that the tolerance limit depends strongly
on the rise time of the acceleration. With rise times around 0.1 sec. (rate of change of acceleration 500
§/sec.) no overshooting of head and chest accelerations is observed, whereas faster rise times of around
0.03 sec. (1000 to 1400 g/sec.) results in overshooting of chest accelerations of 30 percent (acceleration
front to back) and even up to 70 percent (acceleration back tc front}). All these results depend critically
on the harness for fixation and the back support used (9). These dynamic load factors indicate a natural
perindmnf the ir{miyr system between 10 and 20 cps "No detailed physical studies of these parametets and
of the importance of the thorax-abdomen system are available. Impact of the heart against the chest wall
is another possible injury discussed and noted in some animal experiments (85,90).

The head and neck supporting structures seem to be relatively tough (9,15). Injury seems to occur only
upon backward flexion and extension of the neck (“‘Wiiplash’’) when the body is accelerated from back ta
front without head support as is common in rear-end automobile collisions,

Head impact. - Injurics to the head, beyond superficial bruises and lacerations, usually consist of con-
cussion or fracture of the shall. The syniptoms produced by head impact cange from pain and dizziness
through disorientation and depression of function to unconsciousness and loss of memory for events im-
mediately prece fing the injury (70). Head injuries usually oceur from heavy blows by solid objects to the
head, rather thav by aceelerative Torees applicd to the body. Since approximately 75 percent of airplane
crash fatalities lave been found 1o resalt from kead injuries and the latter are without doubt of similar
importance in many other types of accident (athictics, cte.) the mechanisig leading to head injury have
been the object of a large number of fnvestigations (23,86,91). In spite of this there is still considerable
controversy over the physical mechanisms Teading to injury and most of the information applics o specific
impact situations. Thus oo generalized, quantitative picture of the mechanical reaction of the head to the

impﬂcl forces can be {_X‘ivnn al present.

Neek response. - The limitations for forward and tateral beading of the neck are, for practical purposes,
the unterior chest wall and the shonlders respectively. Since the head is ahoost entirely held by the neck
muscles, ithe absence of thear stupporting action, _uivv,'« any hlow to the head or neck o “flving start.”” As
a consequence fractures or dislocations are more apt ic resutt. Dislocations involving the first and second
vertebral joints are usnally less severe i the odontoid process is fractieed (less damage to the spinal cord).
If this is not the case the spinal cord way be severed or crushed, The Tatter is the essential mechanism in
the bansing of criminads. The enerpy release requiced for this is around 1009 foot-pounds (150 kg, mieters),
As animal experiments indicate, damage done to the cervieal cord at the fiest vertebra may also play a role

in the generation of canciassion, which has so Lor been attributed primarily to brain damage (V7)

Head response. - The clastic shell of the sbull is Glled with nerve tissue, blood and cerebrospinal {luid,

which have about the same density, The compressibility of the brain substance is very small (like water),
und its shear mwodulus is very Tow. The viscosity of the brain tissue is around 20 dyne sec “em 2. The re-
action of the head to a blow is a function of the velocity, duration and arca of impact and the transfer of
momentum. Near the peint of application of the blow there will be an indentation of the skull. This results
in shear strains in the beein in a superficial region close to the dent. Compression waves emanate from
this area, which have norn Iy small amplitudes since the brain i= nearly incompressible. In addition to
the forces onthe brain resultiag from skull deformation there are aceeleration forces, which would also act
on a completely undeformable skull. ‘The centrifugal forces and linear accelerations producing compres-
sional strains are negligible compared with the chear siraias produced by the rotational accelerations. The
distribution of the shear steains over the brain has been studied on models (92) and the motion of the brain
surfuce has been observed in animals with sections of skull replaced by lucite (93). The maximum strains
are concentrated nt regions where the skull has a good grip on the brain owing to inwardly projecting ridges,
especially at the wing of the sphenoid bone of the skull. Shear strains must also be present throughout the
brain ond in the brain stem. Many investigators consider these shear sirains resulting from rotational
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accelerations due to a blow to the unsupported head as the principal event leading to concussion. Blows
to the supported, fixed head are supposed to produce concussion by compression of the skull and elevation
of cerebrospinal fluid pressurc. Despite the general acceptance of rotational acceleration as the main cause
of concussion, experimental data on this quantity are almost completely missing and concussion thresholds
are discussed in terms of ‘‘available energy’’ (which is usually not the energy transferred to the head) and
impact velocity.

In general it can be assumed that a high velocity projectile (for example a bullet of 10 grams with a
speed of 1000 ft/sec.) with its high kinetic energy and low momentum produces plainly visible injury to __
scalp, skull-und brain-along its path. ~'The high frequency conient of the impact is apt to produce compres-
sion waves which in the case of very high energies may conceivably lead to cavitation with resulting dis-
ruption of tissue (94). Skull fracture is not a prerequisite for these compression waves. On the other hand,
if the head hits a wall or other object with masses large compared with the head's mass the local, visible
damage is small and the invisibie concussion damage due to rotational acceleration may be large. It must
be added that blows to certain points, especially on the midline, produce no rotation. Blows to the chin
upwards and sidewards on the otlier hand produce rotation relatively easily (knock-out in hoxing). It is,
therefore, almost impossible to define a concussion velocity or energy. Velocities listed in the literature
for concussien from impact of large masses range from 15 to 50 ft “sec. At finpact velocities of approximately
30 ft ‘sec. around 200 in.-Ibs of cnergy wus absorbed i 0.002 sec. resulting in an acceleration of the head
of 47g. Impact enerpies for compression concussion are probably in the same range.

Skull response and skull fracture (93), - Impact studies on cadaver skulls with strain gauges show that a
hammer Dlow to the bone itsell Tasts 2.5 to 5 » 104 see. After the initial impact the bone oscillates for 2

to 4+ 107 sce. with frequency of approximately 700 c.p.s. which agrees with the fundamental frequency
found with continvous periodic exeitation (43). Sealp. skin and subcutancous tissue reduce the energy
applicd 1o the bone. If the response of the shull to a blow exceeds the elastic deformation limit, skull
fracture occurs. Lnpact by a high velocity, blunt-shaped objeet results in localized circumsceribed fracture
and depression. Low velocity blunt blows insufficient to cause depression, occur frequently in falls and
crashes. Stresscoat studies of such situations have revealed a general deformation pattesn (95); an in-
ward bent area of the skoll sureounds the contuet avea and is followed at @ considerable distance by an
vuthending of the shall. Sometimes fairly svinmetrical wwdulating patterns are observed, occasionally with
an outbending of the contreconp type, iven, an onthending in the skull area opposite the point of contact.
Sinee the bone, a brittle materizl, fails i lension, mast finear shull fractures originate in the outer surface
of the ontward bent area swrrennding the indentation. Frony this arca the crack may spread owards the
cruter of impact, which rebounds inmediately ofter the blow and becomes an area of high tensile stress,
Propagation in the direction opposite to the center of the impact tukes place also. The size of the frac-
ture line depends on the energy expended. Given enough energy two, three, or more cracks appear all ra-
diating from the center ot the blosw . The shull has both weak and strong areas, each impact area showing

well defined regions for the ocewrrence of the fracture lines.

The total energy required for sholl fractace varies from 400 to 900 in.-1bs, with an average often assumed
to be 600 in.-lbs. This energy is equivalent to the condition tht the head hits a hard flat surfuce after o
free full from 5 N height, Skull Tractures occnrring when a batter is aceidentally hit by a ball (5 0z.) of
high veloerty (100 ft see.) point towards the same energy (380 in.-1bs).  Additional energy 10 to 20 per-
cent beyond the single Hinvar fracture demolishes the skall completely. Dry skull preparations required
only approximutely 25 in.-lhs for fracture. The reason for the large energy difference is mainly attributed
to the attenuating properties of the scalp.

Ior practical situations in automobile and aircraft crashes the form, clasticity and plasticity of the ob-
ject injuring the head is of extreme importance and determines its “‘head injury potential.”” [or example,
impact with a 907 sharp corner requires only a tenth of the encrpy for skull fracture (60 in.-1bs) that impact
with a hard flat surface requires (96). Head impact energies [or various attitudes of the human body hitting
@ contact area at various angies are presented in figure 24, The conditions shown are representative of
crash conditions invoelving wnrestrained humans,
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Figure 24, - Head impact energy as alfected by body
attitude and barrieade angle [data from dummy drop tests
after Dye 196)).

EFFECTS O SHOCK AND VIBRATION ON TASK PERFORMANCE

As indicated ubove, very little is known about haw shocek or vibration affeets task performance at ac-
celerations which do not produce actual damage. One important factor is fatigue, but [atigue is not yet
well envugh understood to permit adequate measurement nor is it now passible to relate it quantitatively
to any particular stress. Measurements of the performance of very snaple tasks (36,97) have given equiv-
acal or negative results except where there is mechanical interference. Fxperiments relating to task per-
formance and fatigue are extraordinarily difficult to carey out properly and the results, when they are at all

meaningful, have very limited applicability. “Ouickie™ experiments are almost invariably misleading,
PROTECTION METHODS AND PROCEDURES

Protection of man against mechanical forees is aceomplished in wo ways: isolation to reduce transmis-
sion of the forees to the man and increase of man's mechanical resistance to the forces. Isolution against
shock and vibration is uchicved by the standard suspension principle of having the natural frequency of the
system to be isolated lower than the exciting frequeney at least by a factor of 2. Both linear and nonlinear
resistive elements are usoed for damping the transmission sy stew; irreversible resistive elements or energy
absorbing devices can be used onee to change the time and amplitude pattern of impulsive forces. Human
tolerance to mechanical forces is strongly influenced by selecting the proper body position with respect to
the direction of forces to be expected. Man’s resistance to mechanical forces can also be increased by
proper distribution of the forces so that relative displucement of parts of the body is avoided as much as
possible. This may be achieved by sapporting the body over as wide an area as possibie, preferably load-
ing bony regions and thus making use of the rigidity available in the skeleton, Re-enforcement of the skel-
eton is an important feature of seais designed to protect against crash loads. ‘The flexibility of the body is
reduced by fixation to the rigid seat structure. The mobility of various parts of the body, e.g., the abdom-
inal mass, can be reduced by properly designed belts and suits. The factor of training and indoctrination
should also be mentioned as essentinl for the best use of protective equipment, for aligning the body into
the least dangerous positions during intense vibration or crash exposure, and possibly for improving opera-
tor performance during vibration exposure. The latter type of training may be helpful in anticipating and
preventing man-machine resonance effects and in reducing anxiety which might otherwise occur.

181



STATIC DEFLECTION -INCHES

PROTECTION AGAINST VIBRATIONS

The transmission of vibration from a vehicle or platform to a man is reduced by mounting him on a spring
or similar device, such as an elastic cushion (7,35). The degree of vibration isolation theoretically possi-
ble is limited in the important resonunce frequency range of the sitting man by the fact that large static
deflections of the man with the seat or into the seat cushion are undesirable and large relative movaments

between operatar and vehicle control interfere in many situations with mian’s performance. A compromise
is the only possible approach. Cushions are used primarily for static comfort but are also effective in de-

creasing transmission of vibration above man’s resonance range. They are_inclfective in_the resonance -
“funge and may even amplify the vibration in the sub-resonance range. In order to achieve effective isola-

tion over the 2 to 5 c.p.s. range, the natural frequency of the man-cushion system must be reduced to

c.p.s. but then the man would have to deflect into the cushion by 10 in. {fig. 25). kixample of impedance
changes achieved with various cushions are given in figure 26 (31). A condition known as “‘back scrub”
may be produced as a result of using a seat cushion without a back cushion as is common in som= tractor

oS

-

Figure 25. - Static deflection ¢f a scat spring by the
mass of the man as a function of the resonance frequency
of the lincar system. To tune the man-scat system lower
than the resonance frequency of the man alone (5 e.p.s.)
requires barge statie deflections.
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or vehicle arrangements. Efforts of the operator to wedge himself between the controls and the back of
the seat often tend to accentuate this uncomfortable condition. In ordinary passenger seats the seat cushion
does not alter the resonance of the man-seat system considerably, i.e., in the low frequency range (<5 c.p.s.)
no isolation is achieved. Sometimes some amplification is unavoidable. Nevertheless the damping proper-
ties of the seat cushion are very important for attenuating the frequencies above resonance, which may be
the more important areas, for example, in automobile or aircraft transportation (see fig. 33). For severe low
" frequency vibration and shock conditions, as they occur in tractors and other field equipment, suspension
of the whole seat is therefore superior to the simple seat cushion, Hydraulic shock absorbers, rubber tor-
... .sion bars, coil springs, and leal springs have all been successiully used for-suspension seats.-The-dif- - -~
ferences between these springs appear to be small. On the other hand there seems to be a dilference in
comfort and vibration induced stress if the seat is guided so that it can move only in a linear direction com-
pared with the condition in which the seat simply pivots around a center of rotation (fig. 27) (7).
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The latter situation produces uncomfortable and ftigning pitehing motion. Suspension seals can be built
capable of preloading for the operatar’s weight to keep the staiie position of the seat and the natural fre-
quency of the system at the desired value, Suspension seats for use on tractors and for similar applications
are available which reduce the resonance of the man-seat system from approximately 4 to | c.pos, (35)
(measured in terms of the ratio of the aceeleration at the belt Tevel of the subject to the seat acceleration).
The transmission ratio, which is between 2 and 2,5 at the resonance frequency for the subject alone. is only
1.6 at 1 c.p.s. for the subject on the suspension seat. With different tvpes of Toam and spring enshions slone
it hus not been possible to lower the resonance below 2 to 3 e pus. with a transmission ratio of 2.5 to 3,
Klastic cushions alone result therefore in an amplification of the vibration in accordanee with the imped-
ance weasurements (fig. 26). These findings are confirmed not only by luboratory tests but also by ficld
tests on tractors. The superiority of man’s legs to most seating devices with respect to the transmission
of vertical vibrations has been shown in figure 9 and must be mentioned here for completeness. Difierences
in positioning of the sitting subject aiso change the transmission as demonstrated by impedance neasure-
ments (fig. 8). l'or severe vibrations close to or exceeding normal Lolerance limits as they oceur in military
operations, special seats and restraints can be developed to provide maximum body support in all critical
directions for the subjcet in the most advantageous position. In general, under these conditions, seat and
restraint requirements are the same for vibration and rapidly applied accelerations. FFer a discussion of
body restraints see below. The large protection to be expected by rigid or semi-rigid body enclosures has
been proven by laboratory experiments (53) but has not yet been applied to practical situations. Immersion
of the operator in a rigid, water-filled conlainer with praper breathing provisions has recently been used to
protect subjects ugainst high, sustained static g-loads (98). It may be that the same principle could be
used to provide protection against high aliernating loads.
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The izolation of hand and arm against vibration from hand tools dependé critically on_the type, weight,
and relative position of the tool. Generalized rules are therefore hard to provide. The model for the hand-
arm system presented in figure 16 should be adequate to estimste the effectiveness of isolation measures.

Since tolerance to continuous vibration depends critically on the exposure time, the coatrol of working
hours in vibralion envirorments or with vibrating tools is one of the most important protective measures.

It can prevent cumulative permanent damage and reduce the possibility of accidents favored by vibration-
aggravated [atigue.

PROTECTION. AGAINST RAPIDLY APPLIED ACCELERATIONS (CRASHES) = == ===

The study of automobile and aireraft crashes and of experiments with dummies and live subjects shows
that complete body support and restraint of the extremities provide maximum protection against accelerat-
ing forces and give the best chance for survival (9,51). If the subject is restrained to the seat he makes
full use of the force moderation provided by the collapsing of the vehicle structure and is protected against
shifts in position which would injure him by bringing him in contact with interior surfaces of the cabin struc-
ture (99,100,101). The decclerative load must be distributed over as wide a body area as possible to avoid
force concentration with resulting bending movements and shearing effects. The load should be transmitted

as directly as possible to the skeleton, preferably directly to the pelvic structure and not via the vertebral
calunn.

Theoretically a rigid envelope around the body would protect it to the maximum possible exient by pre-
venting deformation. A body restrained to a rigid seat approximates such a condition; proper restraints
against longitudinal acceleration shift part of the load of the shoulder girdle and arms from the spinal col-
umn to the back rest. Arm rests can take the load of the arms away from the shoulders (51). Semi-rigid and
elastic abdominal supports provide some protection against large abdominal displacements. The effective-
ness of this principle has been shown by animal experiinents (38) and by impedance measurements on human
subjects (fig. 8) but has not so far been applied in practice. Animals immersed in water, which distributes
the load wpplied to the rigid container evenlv over the body surface, or in rigid casts, have survived accel-
eration loads wany times their normal tolerunce,

Many atiempts have been made to incorporate energy absorbing devices either in a harness or in a seat
with the intent to change the aeeeleration Hime pattern by Hiniting peah acceelerations. Parts of the seat
or harness are designed with a nonlinear characteristic which starts to extend at some given acceleration
levell Unfortunately the benefits derived from such o« device are usnaily small since little space for body-
or seat=motion is available fo airplanes o automobiles and contact with interior cabin surfaces during the

period of extension of the devive s apt o result in more serious injury. For example, (Tig. 23) an aircrait
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being stopped in a crash from 100 m.p.h. in 5 ft."would be subjected to a constant deceleration of 64.4g.
An energy absorbing device designed to elongate at 50g would require 19 in. displacement. While travel-
ing this distance the body or seat would be decelerated relative to the aircraft by 14.4g and would have

a maximum velocity of 36.8 ft/sec. relative 1o the aircraft structure. A head striking a solid surface with
this velocity would have many times the minimam energy needed for a fractured skull. The available space
for seat or passenger travel using the principle of energy absarbtion must therefore be considered carefully
in the design. In the development of catch-up mechanisms for window washers and workers in similar sit-
uations energy absorbing clements in the form of undrawn nylon ropes may have promising applications.

~or-seat belts and other crash restraint harnesses-extensible fabrics have so far-been-found-to be extremely- -

hazardous since their load characteristics cannot be sufficiently controlled (102). Recently seats for jet
airliners have been designed which have extendable rear legs housing energy absorbing nicchanisms (103).
The maximum travel of the seats is 6 in. and their motion is designed to start between 9 and 12g horizontal
load depending on the floor strength. During motion the legs pivot at the floor level, a feature also supposed
to be beneficial if the floor wrinkles in the crash. Theoretically such a seat could be exposed to 30g {or
0.037 seconds or 20g for 0.067 seconds and have not more than 9g transmitted to the seat. Full test reports

on these seats are not available.

The high tolerance limits of the well supported human body to decelerative forces (fig. 34 to 41) suggest
that in aircraflt and other vehicles, seats, floors, and the whole inner structure surrounding crew and passen-
gers should be designed to resist crush forees as near to 40g as weight or space limitations permit (103).
The structural members sucrounding this inner compartment should be arrunged so that their crushing reduces
forces vn the inner structure. Protruding and easily loosened objects should be avoided. To allow the best
chance for survival, seats should also be stressed for dynamic loadings between 20 and 40g.  Civil Air Regu-
lations require 9 static strenpth of seats as a minimum (104). A method for computing seat tolerance to
typical survivable airplane crash decelerations is available for seats of conventional design (105). ‘There
is no question that the passenger who is riding in a seat facing backward has a better chunee to survive an
abrupt crush deceleration since the impact forces are then more uniformly distributed over the body. Neck
injury has to be prevented by proper head support. The objections to riding backwards on a railway or in a
bus are nut present for aie wansportation because of the absence of disturbing motion of objects in the im-
mediate field of view. ‘The controversy over the question whether passenger seats in aireraft should face
forward or aft stems from the Tact that for 4 rearward facing seat the conter of passenger support is about
Vit above the point where the seat belt would be attached Tor a forward facing passenger. Consequently
the rearward facing seat is sabjected to a higher bending moment; in other words, for seats of the same
weight the forward Tacing seat will sustain higher crash forces without collapse. [or the same seat weight
the rearwanl facing seat sould have approximately only half the design strength of the forward facing seat
and about one-third its nataral frequency. A criterion for the selection of one type seat over the other on
the basis of alfowable weight, seat tolerance to prabible crash loads, and passenger injury has recently

been proposed but must await experiments for quantitative confirmation (106).
prog l {

Safety tap or seat belts are used to fix the cocupants of aircraft or automobiles to their seats and to pre-

vent their being hurled about within the car or aiceraft or being ejected from the car. Their effectiveness

Figure 22, - Protective hamess
arrangements for rapig acceelerations
or decelerations,

i. Scat belt for automobites and
commercial aviation.

2. Standard military lap and
shoulder strap.

3. Like 2 but with thigh straps
ﬂli(ic(l to pl‘(:‘v’(:nl Ilﬂil(l\\’ilrd r()[r’lli”ll
of the lap strap.

4. Like 3 but with chest strap

added. These arrangemouts were (A} SEAT BELT (A} SEAT BELT # 9 NTLON,3™WIOE  (4)5EAT BELT, WO HTLON, ¥™VIDE  (a)SEAT BEL: QN ILON, 3" WIDE
evaluated in sled deceleration (8) SHOULDER STRAP, -6 (B) $HOULLER STRAS, w9 (8)SHOULDER STRAP,# 9
aw ] e 2 M 8 MYLON, | 374" WIDE NLCH , 3 WIDE NYLON, 3"WOE, 2 STRAPS
tesls “roln Stapp (9)‘. [CILEG STRAP 9 N TLOK (CILEG STRAP, w3 NYLON
3°MIDE, 2 STRAPS 3" WIDE, ¢ STRAPS
(0)GMEST BELT, ¢ HYLON
» woe



Table 4. Human-Body Restraint and Pessible Increased Impact Survivability
[After Eiband (51)]

Direction of Aceceleration Conventional
Imposed on Seated Qccupants Restraint
Spineward: L.ap strap-
Crew Shoulder strap
Passengers Lap strap
Stemumward: Lap strap

Passengers only

Headwand: Lap stiap

Crew Shoulder straps
Passengers I.ap strap
Tailward: Lape strap

(rew Shontdes stidpes
Masaenpera [ap strap
Berthed Occeupants Lap strap

“(a) Shoulder straps™ "~ "

Possible Survivability Increases Available
by Additional Body Supports*

Forward facing:

(2) Thigh straps (Assume crew members will
be performing emergency duties with-hands
and fea: at impact.?

Forward facing:

(b) Thigh straps

(c) Nonfailing arm rests

(d) Suitable hand-holds

(e) Emergency toe straps in floor

Backward facing:

{a) Nondeflecting seat back and

(b) Integral, full-height head rest

(c) Chest strap (axillary level)

(d) Lateral head motion restricted by padded
“winged back”

{e) Leg and {oot barriers

(f) Arm rests and hand-holds (prevent arm
displacement beyond seat back}

Forward facing:

() Thigh straps

(b) Chest strap (axillary level)

(¢) Full, integral head rest (Assume crew
members will he perforning emergency
duties; extremity restraint useless.)

Forward {acing:

(1) Shoulder stzaps

(L) Thigh straps

(¢) Chest strap (axillary level)
(i} Full, integral head rest

(e) Nonfailing contoured ann rests
(1) Suitable hand-holds

Backward facing:

tad Chest strap (axillary level)
(1) Full, integral head rest

{¢) Nonfailing arm rests

(d) Suitable hand-holds

Forward facing:

(i) Lap-belt tie-down steap {(Assume crew
members will be performing emergency
daties; extremily  restraint useless,)

Ferward Facing:

(a) Shoulder straps

(b) l.up-‘.wlt tie-down strap

(++) Hand-holds

(d) Emergency toe straps

Backward facing:
(a) Chest straps (axillary level)
{b) Hand-holds

('} FKinergeney toe straps

Feet forward:
Fall-support webbing net

Athwart ships:
Full-support webbing net

¢ Exposure o maximum tolerance Jimits (figs, 34 1o 41) requires straps exceeding conventional strap

strength and widih,
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has been proven by many laboratory tests and in actual crash accidents (86). The belt load on the lower
abdomen causes no severe intra-abdominal injury or injury to the lower spinal region at least in inost sur-
vivable crashes. A forward facing passenger held by a seat belt [lails about when suddenly decelerated;
his hands, feet, and upper torso swing forward until his chest hits his knees or until the body is stopped
in this motion by hitting other objects (back of seat in front, cabin wall, instrument panel, steering wheel,
control stick, etc.). Since 15 to 18g longitudinal deceleration can result in three times higher acceleration
of the chest hitting the knees, this load appears to be about the limit a human can tolerate with a seat belt
alone. Approximately the same limit is obtained when the head-neck structure is considered. Increased
safety in automobile as well as airplane crashes could be obtained by distributing the impact load over

‘larger areas of the boiy and fixing the body more rigidly to the seat. Shoulder straps, thigh straps, chest
straps, and hand holds are additional body supports used in experiments. They are illustrated in figure 29,
Table 4 shows the desirability of these additional restraints to increase possible survivability to acceler-
ation loads of various direction (51). In airplane crashes vertical and horizontul loads must be anticipated.
In automobile crashes horizantal loads are most likely und tests should verify the lack of merit in providing
much more than adequateiy engineered shoulder or chest straps. ‘The effectiveness of these configurations
in automobile crashes is illustrated in figure 30. 1.ap straps should always be as tight as con.fort will per-
mit to exclude slack as far as possible. During forward movement 60 percent of the body mass is restrained
by the belt, i.e., must be considered as belt load. Instead of the 3600 to 4000 1b., three-inch lap belt cur-
rently in wide use an 8000 lb., loop streagth, three-inch wide nylon belt is rLU\nmwndcd to reduce slack
and elongation under Toad (100). Double thickness number 9 undrawn nylon straps of 3 in. width have heen
found most satisfactory for all hurmesses (50} with respect to strength, elongation, and supported surface
area. [f the upper torso is fixed to the back of the seat by any type of haroess (shoulder harness, chest
belt, ete.), the load on the seat is approximately the same for forward and bickward facing seats. The dif-
ference between these seats with respect to crash lolerince as discussed above no loager exists. Research
to siplify and adapt these hody restraints for passenger and crew use without creating too much disecom-
fort is continuing (100,107). So far restraints in addition to lap belts ure routinely only used in military

aviation,
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The dynamic properties of seat cushions are extremely important il an acceleration foree is applied through
the cushion to the body. In this case the steady state response curve of the total scat-man system (fig. 26)
gives a clue to the possible dynamic load fuctors under impact. Overshooting should be avoided, at least
for the mast probable impact rise times. This problem has been studied in detail in connection with seat
cushions used on upward ejection seats (87). The ideal cushion is appronched when its compression under
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PROTECTION AGAINST HEAD IMPACT

static load spreads the load uniformly and comfortably over a wide area of the body and if almost full com-
pression is reached under the normal weight. The impact acceleration then acts uniformly and almost di-
rectly on the body without intervening elastic elements. A slow responding foam plastic, for example, with
thickness of 2 to 2.5 in. has been found to be very satisfactory in fulfilling these requirements.

Safety engineering for crash worthiness of automobiles and aircralt, their seats and restraints, has still
a long way to go before maximum use can be made of the human body’s deceleratinn tolerance limits.

The impact reducing properties of protective helmets are based on two principles: the distribution of the
load over a large area of the skull and the interposition of energy absorbing systems. The first principle
is applied by using a hard shell, which is suspended by padding or a support webbing at some distance from
the head (5/8 in. to 3/4 in.). High local impact forces are distributed by proper suports over the whole side
of the skull to which the blow is applied. Skull injury from relatively small objects and projectiles can thus
be avoided. However, tests usually show that cortact padiding alane over ihe skull tesulis in most instances
in greater load concentration, whercas helmets with web suspension distribute pressures uniformly (23).
Since helmets with contact padding usually permit less slippage of the helmet, a combination of web or
strap suspension with contact padding is desirable. ‘The shell itself must be as stiff as is compatible with
weight considerations and not be permitted to deflect sufficiently under blows to come in contact with the
head. PFor light industrial safety. hats wolded bakelite reinforced with steel wire, laminated bakelite, or
high-strength aluminum alloy wre used; for football helmets combination rubber and plastic compounds molded
in a single shell or a valeanized fiber shell have heen used; for anti-buffet helmets molded fiberglass flock,
molded cotton fabric or cloth Laminates, all impregnated with plastic are some of the most commonly used
materials.

Padding materials can incorporate energy absorbing features. Whereas foam rubber and felt are too elas-
tic to absorb a blow, fuam plastics like polystyrene or Knsolite have been found to result in lower transmitted
accelerations. Little is known about how well the objectives of energy absorption (reduction of peak wc-
celeration amd change in bigh rate of aceeleration onset) have been realized in practical designs.

Sinee it is very hard to spell ont the exact phyvaical conditions for o helmetr which can provide optimum
iapact protection, quaniitative evaduation of the effectiveness of various helmet designs is difficult. In
hlition mwost of tese bielmets constitute compromises among several objectives such as pressurization,
communicaticn, temperature conditioning, minimum bulk and weight, visibility, protection against falling
objects, ete. Impact protection is therefore usually only une of many design features and something like
an “optimum design™ for fmpact protection alone has nat been worked out. The protective effect of helmets
against concussion and shull fractere has been proven in enimal experiments (J08) and is apparent {rom ac-

cident statistics.
PROTECTION AGAINST BLAST WAVES

Individual protection against air blast waves is extremely diffienlt since only very thick protective covers
can reduce the transmission of the blast energy significantly. Furthermore, not only the thorax but the whole
trunk would probabiy have to be covered. In animal experiments sponge rubber wrappings and jackets ol
other elastic material have resulted in some reduction of blast injurics (5). Fnclosure of the animal in
metal eylinder with only the head exposed to the blast wave has provided the best protection short of com-
plete enclosure of the animal. It is therefore generally assumed that shelters are the only practical meaus
of protecting humans against blast. They may be of either the open or closed type; both change the pres-
sure environment. Changes in pressure rise time introduced by the door or other restricted openings are
physiologically most important (17). Reflection phenomenu within the shelter must also be considered.

Protection against water blast waves is obtained from air containing vests which partially reflect the
blast waves. No quantitative information on this effect is available.
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TOLERANCE CRITERIA FOR VARIOUS TYPES OF EXPOSURE AND ACTUAL
ENVIRONMENTS EXPERIENCED BY MAN

The previous paragraphs should have made it clear how difficult it is to predict the effect of mechanical
forces on man. Even if the experiniental material available were more exact and complete, it would still be
impossible to give exact limits for man’s safety and performance under field conditions since the exact phys-
ical mode of action of the euvironment varics with man’s unpredictable position and metion and since biolog-
ical variations with respect to physical, physiological, and psychological reactivns make such limits only a
statistical quantity, Individual cases may deviate considerably from the average. Biological criteria must
therefore be used with_caution; they are summarized here only as rough guides_for engineering purposes. Tol-. . __
erance criteria as well as examples of field environment indicate only orders of magnitude and are not rigid
limits. For critical safety problems, detailed study of the literature or expert consultation is indispensible.

VIBRATION EXPOSURE

In spite of the fact that many schemes have been developed to assess man’s reaction to vibration in a
quantitative manner most of them are based on a limited number, specific types, or a specific interpretation
of experiments and contradict each other to a certain degree. The averaging of all these results and their
simplification to the broad groups I to Il in figure 31 seems therefore the most reasonable approach (72),
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These criteria have been used widely to classily the severity of vibration exposure. They represent averages
for the standing, sitting, and lying positions. For vibrations in several directions, the vector sum of all com-
ponents is proposcd as the acceleration stimulus to be used for evaluating the condition. Larger accelerations
than those indicated by area I in the figure can be tolerated by the majority of youuny, male subjects for short
time periods only without harmful cffects. The curve marked “*short time tolerance’ has been established for
exposure times in the order of one minute or less for yonng, male militury snbjects strapped in an airplane seal
with seat belt and shoulder harness (74). This curve must be considered the borderline beyond which physical
tissue damage occurs in relatively wnort time. The threshold for vibration reception at the fingertip (20) is also

shown in the figure and might be helpful in explaining annoying vibration transmitted to parts of the body like

the hands or the head.
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For lrregular random vibrations the tolerance curves establlshed for sinusoidal vibrations must also
serve aa guidelines for the time being, since no better data exist. Single shock acceleration pulses as
they occur as floor vibrations near drop forges or similar equipment were used in one study and some of
the results are presented in figure 32 (12). The intolerable range in this series of experiments should
probably be considered as conservative since experiments with sinusoidal vibrations by the same authors,
which were included in the averages of figure 31, gave relatively conservative tolerance levels.

Flgure 32 - 'lolcrancc of human sub]ecls in
the standing or supine position to repetitive ver-
tical impact pulses representative of impacts
frum pile diivers heavy tools, heavy traffic, etc.
Subjective reaction is plotted as a function of
the maximum displacement of the initial pulse
and its rise time. ‘The numbers indicate the
following reactions for the areas between the
lines: la, threshold of perception; I, of rasy
perception; [c, of strong perceptiou, annoying;
lla, very uuplensnnl, potential danger for long
exposures; [1b, extremely unpleasant, defin-
itely dangerous. The decay process of the
impact pulses was found to he of little prac-
tical significance {after Reiber and Meister

(12).
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The range of vibration ievels found in aircraft, trucks, und tractors is indicated in figure 33. Individual

points represent flight vibeation data obtained in various types of military uircraft (73). The solid circles,
saquares, and trinngles indicate vibrations at scat levels which were reported as excessive and undesirable
The lincarized dividing line

in actual seevice; the open marks indicate conditions accepted as tolerable.

between tolerable and excessive vibrations is the WADCG toleranee criterinn shown in figure 31, used as a
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long time vibration tolerance criterion in military aviation. The areas indicated for truck and tractor vibra-
tion (7,35) are the range for the respective vibration miaxima and do not represent spectra. Most vehicles
have very pronounced natural frequencies excited according to ground conditions. Very generally, rubber-
tired farm tractors, as well as trucks, have the maximum of their vertical accelerations in the 2 to 6 c.p.s.
range; for large rubber-tired earth moving equipment the range is 1.5 to 3.5 c.p.s. and for crawler type trac-
tors it is near 5 c.p.s,

DECELERATION EXPOSURE, CRASH, AND IMPACT

" The h[;bfc_&i';n};t;'nm)‘('i;:iuhnrlolerancc limits to rapid decelerations apulied to a sitting human subject are
summarized in figures 34 to 41 (51). The data are compared and summarized on the basis of trapezoidal
pulses on the seat in all four acceleration directions with respect to a saggital plane through the body axis.
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The iimits as shown arc bascd on experiments providing maximum body support (see table 4), i.c.. lap belt,
shoulder harncss, thigh and chest strap, and arm rests for the headward accelerations. The quantitative in-
fluence of the initial rate of change of ucceleration is not too clearly established and not enougli data are
available for exact mathematical analysis of the influence of the total aceeleration-time fanction. Although
the separation of this lunction into duration of (uniform) avceleration and onset rate is not completely
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satisfying, it constitutes the most useful analysis of the experimental evidence available. Onset rates
endured by varivus subjects are therefore summarized in separate graphs for the different directions (figs.
35,37,39,41). Caution in applying the curves presented must again be siressed, since they are based on
well designed body supports, minimum slack of the harnesses, heavy seat construction, young, healthy

SUBJECT SUPPORT

° HUMAN LAP AND SHOULDER STRAPS

a HUMAN FACE CURTAIN.LAP AND SHOULDER STRAPS, SOFT

S LEATHER SEAT CUSMION )

(<] HUMAN ARIA REST(ELBOW ONLY},LAP AND SHOULDER
STRAPS, PARACHUTE , 2~IN  SPONGE - RUBBER
CUSHION

A HUMAR ARM REST (ELBOW ONLY},LAP AND SHOULDLR

STRAPS, WOOQ BLOCK AND SPONGE - RUBBER

LY CNNPINZEE SUPINE ; PARACHUTE ~ YVPE RESTRAINY, INCLUDING
LAP AND CHEST STRAPS

»
-
3
2
i 4
o ACCELERATION Figare 39. - Effect of rate of onset on
$ 40! headward acceleration tolerance [ from
] Fiband (51)].
]
o
x °
s 1
F 5
e ONSET MATEs MAX
= 4 s 4 Yo
] 1
]
8 ) ' 1
g ) R ]
l A i e
DOt 002 004 1 R
TINE SEC
»
“. 200}
w A
3 v
’_-x_) 100}k ACCE' FRATION
w 80
> g0}
S 40}
o T . 4
renre tantrance ta tatward o cel- (¢
Fig 40. - 1 ta tail | 1 g .
eration s a fm.\ tion of ma "|u||u|«' and dura- p .
tion of impulse [ fron 1 i ik E} 10l - 3 SURJECTS (~N)~ anpa O =
. « - - -
w8k e et cAupu (RS Ju_wu‘n'j P
9 6 . - - |' e -
AREA OF VLUNTARY ’ \ iy o - DURATION
ab THRESHO &
2 "”_"‘:“ ,;'mf;”t':" vy wumu(_uwmuﬂr
E (ANIMAT SUBJELTS) ’4/’// “‘GN”U%
z F4ad 4 .
5 'o '|"m._ 2 4
) 1 1.1 N 1 Loy ] | O 1 1
901 002 V0400601 02 0406 i 2 4 6 | 2 4 6 10 20 4030 KO
DURATION OF UNIFORM ACCELERATION,SEC.
100}
sof- A
o )
60} /}-SEVERE SHOCK ACCELERATICH
o
a0 s/ ST SUPPORT
- N MUMAN LAP 5ea T SHOULDER HARNESS
UNINJUREL ANL LAP-BELT T £ LOWN STRAP

ITATEY
UNDEB'LITATEY 5 / HuMAN SHOULDER HARRESS AP BELT

a]

[ CHRIMPANZEE
o

o

204 [
CHINPANZEE SUPINE | LAP 8t.T, SHOULDER
CAIMPANZLE HARNE$S

= O

* tailward acceleration tolerance [ from

/ Fiband (51 )IA

ONSET RArEx—_—“
to

o U/ATmE;(‘gLE Figure 4. - Effect of rate of onset on

ACCELERATION OF VEHICLE MAX. PEAK,G'S
L2

} 1 1
0Ol 00z 004 006 .0l 02 04 08 I 2
TIME SEC.

193



IN

DECELERATION

volunteer subjects, and subjects expecting the impact exposure. Thus these curves constitute maxima in
many respects, althongh further improvement in the protection methods does certainly not appear impossi-
ble. For example, the maximun limit for exposure to transverse front.*~ hack acceleration, as experienced
in head-on automobile collisions, is indicated in figure 34 as between 40 and 50g for durations of less than
0.1 sec. For subjects without maximum upper torso restraint having onlyla lap belt or other types of ab-
dominal restraints, this limit is estimated to be between 10 and 20y, '

30 ——— NORMAL ACCELERATICN
----- LONGITUDINAL ACCELERATION

“ ===~ ._ ANGLE OF iMPACT

S [ ]
~<_ 29
-~

Figure 42, - Longitudinal and nor-
mal crash loads on a pressurized
transport aircraft hitting the ground
at 35 m.p.h. under an impact angle
of 15% and 29° Acceleration levels
in the aircraft are shown as a lunc-
tion of the distance from the point
of contact (nose) [after Preston and

~o

MAXIMUM ACCELERATION, q

Pesman (109)]. -7
15°
| 1 ] 1
200 400 600 800

DISTANCE FROM IMPACT POINT ON AIRPLANE,IN.

Approximate ranges for aircraft crash loads can be obtained from figure 42 (109). Uorizontal crash loads,
i.e.. in the direction of the aircraft’s longitudinal axis, increase with the crash angle to a maximum at 90°,
whereas vertical loads ceach their maximun approximately at 35% The graph shows only one typical ex-
ample: aircraft type, ground conditions, and poiat of initial crash contact have a strong influence in each
individual case. For automobile head-on collisions, figure 43 shows typical deceleration patterns for the

60— -112000
CAR# 1 PASSENGER
-— BELT LOAD
40 LT e HIPS -~ 8000
wprs. STATION 6
-4 4000
) Figure 43. - Examnple of automobile head-on
& collision deceleration patterns as a func-
Z tion of time. The deccleration for the uader-
8 body under the seat and the passenger’s
0 hip is plotted togather with the load func-
tion of the seat belt. The data are for two
© cars engaged in experimental head-on col-
00 g lisions. (Impact speed 31 ft/sec. Kinetic
5 | <} i a m
60 — CAR#2 PASSENGER ] 20 - energy oflcm. before 1mpacAt '1p'1roxx'n‘ale1y
X 45,000 ft/lbs. Cars collapse under impact
—— BELT LOAD = . Iy 1.7 (0) [
A ) S ) approximately 1.7 ft.) (From Severy et al.
40 ) HIPS (G -18000 W (190).|
A wy, STATION 6 @ )
~4000
....;..‘:_4. bt 0
200
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car structure under the scat and the passenger’s hips; seat belt loads are also indicated in the graph (100).
The two graphs in this figure are for two cars colliding with each other head-on. Figure 44 sumnarized the
results of many automobile crash experinients. The peak deceleration of the car body under the driver’s
compartment is plotted against the impact velocity. As can be seen from the graph, the difference in im-
pact load between frame and unitized underbody construction wus negligible in these experiments.

sor .
[
. Z
g eor COMPOSITE
] )/ -~
- 4
w
-
83
g or
w
e
w FRAME__ -~
L'2d
]
58 eor -
rd
2> ot
g L5
2 -
fo) ? 1 1 1 | 1 |
10 20 30 40 50 60

IMPACT VELOCITY, MPH

Figure 34, - Crash deceleration of the passenger compartment in head<on
cellisions of automobiles as o function of driving speed.” The negligible Jdif-
ference between frame and unitized underbody construction is also shown.

From Severy et al. {100).

Fxamples of other tvpes of short duration accelerations are given in table 5.

Table 3. Approximate Duration and “Magitude of Some Short Duration Acceleration loads
(From various sources)

Type of Operation Acceleration Duration
(g} (sec.)
Flevators: average in "‘fast service'’ g2 -5
comfort limit .3
emergency Jeceleration 2.5
P'ublic transit: normal acceleration and deceleration S B 5
emergency stop brakiog from 70 m.p.h. .4 2.5
Antomobiles: comfortable stop .25 5- 8
very undesirable 45 3- 5
maximum obtainable 7 3
crash {potentially survivable) 20 - 100 <.1
Aircraft: ordinary take-off .5 > 10
catapult 1ake-off 2.5- 6 1.5
crash landing (potentially survivable) 20 - 100
seat ejection 10- 15 25
Man: parachute opening — 40,000 fr. 33 .2-.5
6,000 fr. R 8.5 .5
parachute landing 3- 4 -2
fall into fireman’s net 20 1
approximate sarvival limit with well-distributed forces 200 015-.03
(fall into de-ep snow bank)
Head: adult head falling from 6 ft. onto hard surface 250 .007
voluntarily tolerated impact with protective headgear 15 - 23 .02
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